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ABSTRACT
INVESTIGATIONS OF THE ASH YELLOWS DISEASE:
FLUCTUATIONS OF MYCOPLASMA-LIKE ORGANISM POPULATIONS
AND EFFECTS OF ANTIBIOTIC INJECTION
FEBRUARY 1990
BYEONGJIN CHA,
M.S.,

B.S.,

SEOUL NATIONAL UNIVERSITY, KOREA

SEOUL NATIONAL UNIVERSITY,

KOREA

Ph.D., UNIVERSITY OF MASSACHUSETTS, AMHERST
Directed by:

Professor Terry A.

Fifty white ash (Fraxinus americana)
Springfield, MA,

Tattar

in West

naturally infected with ash yellows

(AY)

Mycoplasma-1ike organism (MLO) were observed monthly,
from September 1986 to August 1989.
witches'-broom (WB),
branching
(PSB),

(DB),

The symptoms were

foliar chlorosis

tufting

(TF),

(CHL),

deliquescent

premature spring bud break

and premature autumn coloration (PAC).

Every

August each tree was rated for decline in less vs. more
than half the crown.

All

symptoms except PSB and PAC

differed between these two groups.
incidence of WB,
year,

but DB,

CHL,

PSB,

In the > 1/2 group,

and TF increased significantly each

and PAC did not.

MLO was verified monthly by DAPI staining which was
proved to be superior to Dienes'
twigs,

stain in our study.

both groups showed more MLOs in summer than

vi

In

winter;

in roots,

conversely. MLO population was more

stable in roots than in twigs.
Fifteen AY-infected white ashes were injected twice,
in September 1986 and June 1987,
(OTC)

with 4% oxytetracycline

using Mauget trunk injection (average 0.8 g active

ingredient

(a.i.)

/ tree). MLO population decreased both

in the twigs and the roots for 30 days following OTC
injection,

then increased to the control

level.

Fifteen

more AY-infected white ashes were injected in June 1987
with 4% OTC Mauget injection at variable dosages
0.8,

1.1,

1.6 g a.i.

/ tree).

(average

Higher dosages of OTC

decreased the MLO population for approximately two
months.

OTC therapy may be the most efficient at high

rates on trees without decline symptoms,
disease progression.

vn

i.e.

early in
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CHAPTER 1
INTRODUCTION

The ashes

(Fraxinus spp.)

comprise a large genus of

deciduous trees in which members are valued for many
reasons.
phraxo,

The generic name Fraxinus comes from the Greek
closed,

since the plant was used to make hedges

(Lanzara & Pizzetti,

1978).

Nine species of Fraxinus are

native to the United States.
several

In addition to these ashes,

imported species have been planted as

ornamentals,

especially in North America.

great commercial
(Bonner,

value as a timber and food for wildlife

1974).

Among the Fraxinus species,
L.)

Ashes have

and green ash (F.

white ash (F.

pennsy1vanica Marsh.)

americana

are the two

species of ash most frequently found in eastern United
States.

They are important components of the hardwood

forests of Massachusetts and are often planted along
streets or around houses because they are known to be
adaptable to a wide variety of horticultural
Fraxinus spp.

are known to be affected by many

biotic and abiotic pathogens such as fungi,
viruses,
Tattar,
trees,

sulfur dioxide,
1989).

conditions.

and ozone

(Hepting,

bacteria,
1971;

Among the various diseases affecting ash

dieback or decline is the most important and the

most serious.

Ash dieback was first reported in white ash

1

during the 1920's in southeastern Canada and in the
northeastern states of United States
Silverborg,

1978).

Ash dieback was reported in urban

sites earlier than in forest sites
York State,

(Hibben &

(Ross,

1966).

In New

an unexplained dying of many white ash trees

was observed along roadsides and hedgerows in the late
1930's.

However,

it was not until

the 1950's that the

disease was observed in the forest stands.
Massachusetts,
years.

In

ash dieback has been noted for at least 35

Tegethoff and Brandt

(1964)

reported the frequency

of this condition throughout the northeastern states,
including Massachusetts.

Ash dieback is associated with a

variety of symptoms including dwarfed and chlorotic
foliage,
branches,

thinning of the crown,

sudden reduction in apical

increments,
(Ross,

tufting of

foliage,

1966; Wilson & Seliskar,

Sinclair,

dieback of terminal
and radial

growth

and witches-'brooms
1976; Matteoni &

1988).

Root starch content has been suggested as a reliable
measure of tree health (Wargo,
1983).

1975;

Carroll

et al.,

Starch is a major reserve carbohydrate in most

deciduous trees and stored in high concentrations in the
roots

(Wilson,

1984).

Starch storage reflects

photosynthetic capacity of the plant
1979),

therefore,

(Kramer & Kozlowski,

healthy trees store more starch in

their roots than stressed trees do.

2

In 1975, Wargo

reported a simple,
starch content,

visual

technique for determining root

based on iodine-staining of starch

granules in root tissue.
Ash dieback has been associated with the following
factors:

water deficit or drought

& Buchsbaum,

1976),

1974),

Brandt,

1957;

et al.,

1989),

Wolanski,
1983).

1985),

viruses

(Hibben,

fungi which cause cankers

Ross,

1964),

1966;

fungi which cause wilt

Hibben & Silverborg,

Recently,

Tobiessen

Lana

(Silverborg &

and mycoplasma-1ike organisms

1971;

organisms

1966;

root injury caused by low temperature

(Matteoni & Sinclair,
& Agrios,

(Ross,

(Worf

(Hibben &

1978; Matteoni,

the disease caused by mycoplasma-1ike

(MLOs),

termed

'ash yellows',

has been proposed

as the main factor for ash dieback and decline (Matteoni,
1983; Matteoni & Sinclair,

1988).

Although it had been widely known that mycoplasmas
cause several

serious diseases on animals, MLOs had not

been considered as a phytopathogenic microorganism until
1967 when Japanese researchers found them in the sieve
tubes of plants infected with mulberry dwarf
1967).

Until

then,

(Doi

a number of yellows-type diseases had

been assumed to be caused by viruses because (1)
symptoms were typical

of virus diseases,

organisms could be found,
demonstrated by grafting
However,

et al. ,

(3)

(2) no other

transmission could be

(Wilson & Seliskar,

1976).

since 1967, most yellows-type diseases

3

their

previously known as viral have been re-classified into
diseases caused by MLOs.
Mycoplasma is a genus of microorganisms which
belongs to class Mollicutes,
family Mycoplasmataceae
term 'mycoplasmas'

order Mycoplasmatales,

(Whitcomb,

1988). However,

and
the

is used as the trivial name for all

members of the Mollicutes

(Freundt,

1981). Mycoplasmas

inhabit not only plants but also arthropods and
vertebrates.

Usually they are pathogenic to their hosts

even though some of them are saprophytes.
Most animal mycoplasmas can be cultured in vitro,
but none of plant mycoplasmas has yet been cultured in
the laboratory and so none can fulfill Koch's postulates
(Chen et al.,
pathology,

1982;

Chen,

1988).

Therefore,

'mycoplasma-1ike organism'

in plant

is the generally

accepted designation for organisms which,

although

closely resembling mycoplasmas in their morphology and
ultrastructure,
characterized,

have not yet been otherwise
and whose final

classification within the

Mycoplasmatales has to await future studies
1981).

Besides the term 'MLO',

agents',
1988).

organism'

the other term,

has also been used (McCoy,

In this dissertation,
or

Jacoli

'MLO'
(1981)

will

(Freundt,
'yellows

1983; Whitcomb,

the term 'mycoplasma-like

be used.

reported the growth of aster yellows

agents on the media which contain extracts of aster

4

(Cal 1istephus chinensis)

leaves.

However,

he failed to

cause disease through reinoculation of the cultured
organisms,
Recently,

a result which makes the cultures suspect.
Lee and Davis

(1988)

tried to determine genetic

relatedness among MLOs by using cloned DNA and RNA
probes.
MLOs are extremely small
0.8 urn thick)
McCoy,

(1 to 5 urn long and 0.3 to

prokaryotes with no cell wall

1982c).

They are pleomorphic.

Small

(Braun,

1977;

rounded and

large globular bodies have been reported predominantly in
the late season or in the advanced pathological stage,
while branched filamentous forms have often been reported
in the early season or in the early stages of disease
(Hearon et al.,

1976;

Davis & Lee,

1982). MLOs are

phioem-1imited and inhabit the sieve tubes of plants with
yellows diseases.

They are usually transmitted in nature

by phloem-feeding leafhoppers

(McCoy,

1982c).

Due to

their inability to be cultured in vitro, MLOs are
maintained either in their host plants,
insect vectors

(Smith et aI.,

1981;

Evidences for MLOs as causal

or in their

Chiykowski,

1988).

agents consisted of

(1)

electron micrographs showing pleomorphic membrane-bound
bodies in phloem sieve elements of symptomatic but not of
healthy plants
(2)

(Doi

et aI.,

1967; Wilson et al.,

transmissibi1ity by grafting,

Homopteran vectors

(La & Woo,

5

(3)

1980;

1972),

in some cases by

Seliskar & Wilson,

1981)
and

and,

(5)

(4)

by dodder

(Dale & Kim,

1969; Yang,

the remission of symptoms after diseased plants

are treated with tetracycline antibiotics
Ishiie,

1982),

(Ishijima &

1981) .

Pathogenesis has been studied in several
MLO-caused diseases.

important

In the review of Maramorosch (1979),

the action of potent antimetabolites or toxins produced
by the pathogens were suspected because of the following:
severe disturbances in the photosynthetic functions,
growth,

induction of axillary buds,

witches'-broom production,
leafy flowers,

shoot proliferations,

virescence,

seed sterility,

enlarged buds,

and breaking of dormancy.

Many yellows disease syndromes probably are related to an
impairment of phloem function or to a plant growth
regulator imbalance,
metabolites,

or both (Maramorosch,

1979).

Toxic

either released by MLO or produced by the

plant in response to the presence of MLO, may diffuse
within plant tissues
studies,

(Davis & Lee,

1982).

But in these

pathogenesis has not been satisfactorily

explained.
MLOs colonize wide variety of plants from annual
herbaceous plants to perennial
& Seliskar,
1981; McCoy,

1976;

Kim,

1982c).

1980;

trees

Kahn,

(Hull,

1981;

1971; Wilson

Seliskar et aI.,

To date, more than 200 diseases

caused by MLOs have been known to affect several
genera of plants

(Sinclair et al.,

6

1987b;

Agrios,

hundred
1988).

Difficulties in isolation and culture of MLOs
emphasize the importance of rapid detection of MLOs in
the plant tissues to allow effective control
Fortunately,
developed:

the following detection methods have been

immunological

(Seemuller,

1976a;

electrophoresis
microscopy

of diseases.

test

1976b;

(Sinha,

Deeley et al. ,

(La et al.,

1984),

(Norris & McCoy,

1983).

Immunological

1988),

staining

1979),

and electron

tests are widely used in bacteriology

and virology. However,

only recently have serological

techniques been developed for plant MLOs.

In most cases,

partially purified sap of infected plants was used as a
source of antigen.

The most frequently used tests were

immunodiffusion tests
immunosorbent assay
1985;

(Sinha,

1988a),

enzyme-1inked

(Sinha & Benhamou,

Craft & Castel1o,

(Hiruki,

1988),

1987),

1983;

Lin & Chen,

immuncfluorescence

and immunosorbent electron microscopy

(Sinha & Benhamou,

1983).

Techniques to stain MLOs in plant tissues,
phloem sieve tubes,

i.e.

have also been developed. Most of

these were originally used for diagnosis of mycoplasma
contamination in animal
Converse,
on animals

1985)

tissue culture systems

or for detection of mycoplasmal

(Cousin & Jouy,

1984).

In 1979,

(Schaper &
infection

Deeley et al.

reported a simple technique to detect plant diseases
induced by MLOs.

The sieve tubes of plants colonized by

7

MLOs are changed into distinct blue color by Dienes’
stain

(Shin & La,

1984).

Fluorescence microscopy was developed in 1960's,
using a fluorescence microscope,

either without

fluorochrome or with f1uorochromes that are non-specific
for DNA or callose
aniline blue,

(Cousin & Jouy,

1984).

The use of

a fluorochrome specific for callose,

revealed callose accumulation in sieve tubes of infected
plants

(Hiruki

& Shukla,

1973).

However,

these methods

did not provide accurate information on the presence of
MLOs .
From the mid-1970’s,

several

fluorochromes have been tested.

DNA-specific

Among f1uorechromes,

( 4 ’ , 6-diamidino-2-pheny 1 indol e, 2HC1)
was the best for MLO detection.
to detect MLOs,

including use in peach (Douglas,

(Schaper and Converse,

Welvaert,

1979), mulberry

(1984)

1989),

1976b)

It has been used widely

blueberry

et al.,

(Seemiiller,

1985),

(Bak & La,

and many other plants.

citrus

1985),

1986),

(Samyn &

ash (Sinclair

Cousin and Jouy

tested another fluorochrome, Hoechst reagent,

obtained results comparable to DAPI.
(Goszdziewski & Petzold,

1975;

tested other f1uorochromes,
berberinsulfate,

and

Other researchers

Petzold & Marwitz,

1979)

including fast green,

and acridine orange,

as sensitive as DAPI.

DAPI

Recently,
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Dale

but these were not
(1988)

has developed

a rapid compression technique for fluorescence microscopy
of herbaceous plants.
DNA of MLOs

(Kirkpatrick et al . ,

as a result of MLO-infection (Padhi
isolated through electrophoresis.
agarose-gel

1987),

et al.,

Ishizaka

or proteins
1977),

(1971)

can be
used an

electrophoresis technique to detect the

abnormal proteins in the leaves of dwarf-diseased
mulberry trees.

On the other hand, McCoy et al.

(1983)

demonstrated distinct differences in proteins between
coconut and Manila palms that were non-infected and
infected with lethal

yellows MLO,

gel

La et al.

electrophoresis.

through polyacrylamide

(1984)

also found the

difference in proteins between the leaf sap of witches'broom MLO infected and healthy jujube trees through
polyacrylamide gel

electrophoresis.

Electron microscopy of infected plants has revealed
MLOs in their sieve tubes
Dijkstra:1973).

However,

(Dale & Kim:1969,

&

it is time consuming to prepare

thin sections for electron microscope
McCoy:1983)

Hiruki

(Norris &

compared to other MLO-detection techniques,

such as immunology or DAPI staining.
In 1983,

Lee and Davis developed the technique which

enables the examination of numerous viable,

unfixed,

intact MLO bodies in phloem sieve elements by enzyme
treatment of diseases plant tissues.
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Since the discovery of MLO in the plant tissues
et a1.,

1967),

antibiotics have been widely tested for

their ability to control MLO diseases of plants.
et a1.

(Doi

Ishiie

(1967) were the first who used antibiotics to

control MLOs.

Since MLOs do not possess a cell wall,

wal 1-inhibiting antibiotics,

such as penicillin,

very little or no disease control.
ribosomal
Nyland,

However,

inhibitors provided good control

1988)

cell

provide

prokaryotic
(Raju &

and MLOs were very sensitive to the

tetracycline antibiotics

(Agrios,

1988).

Oxytetracycline

is the most effective antibiotic used for field control
of MLOs,

while other antibiotics,

chloramphenicol,

including kanamycin,

and erythromycin have been applied

experimentally with only limited success

(Nyland et al.,

1981). When infected plants are treated periodically with
oxytetracycline,

the symptoms,

remitted or disappeared.
present,
McCoy

if already present,

If symptoms were not yet

their appearance was delayed (Agrios,

(1977)

1988).

reported that healthy palms treated with

oxytetracycline had a significantly lower level

of

disease incidence compared to non-treated palms,

but

declining MLO-infected palms did not respond to
antibiotics.

Neither foliar applications nor soil

drenches were effective

(McCoy,

Antibiotics are most successful
direct injection into the trunk.
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1974) when applied.
in trees when applied by
Treatment of herbaceous

plants by spraying or soil
however,

drenching with antibiotics,

has not been successful

(Agrios,

1988).

Antibiotics can be injected into trunk or root flare
of infected trees either by gravity-flow (trunk infusion)
or by pressure

(McCoy,

1974).

Root flare injection of

trees was more effective than trunk injection in
achieving wide spread of the antibiotics

(Nair,

1988).

Petiole injection was attempted on coconut palms because
trunk injection caused permanent injury at the injection
site

(McCoy,

1977).

Gravity infusion was the most widely

adopted method for the injection of trees with
antibiotics until
McCoy,1982d).

the early 1980's

Recently,

(La et al.,

low pressure injection has been

used more frequently than gravity infusion.

It can be

performed either through Mauget injector (Carr,
Schieffer & Tattar,
(McCoy,

1976;

1988),

1986;

or with an air compressor

1973).

Once injected into plants,

injected material

translocated through the vascular system.

is

Rapidity of

translocation depends on kinds of injected materials
(Stipes,

1988).

In coconut palms,

2 days after

oxytetracycline was injected into the trunk, most of it
accumulated in the middle and upper fronds and lower
concentrations were found in roots,
spear or bud leaves,

trunks,

older senescing fronds,
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unopened
and fruits

(McCoy,

1976a;

1976b).

The half-life of oxytetracycline

in foliage was about 2 weeks

(McCoy,

Oxytetracycline treatment,

however,

plants from the MLO-caused diseases
effect of

1976b).
does not cure

(Agrios,

1988).

The

oxytetracycline usually lasts no longer than

several months and the symptoms reappear eventually
unless the MLO-infected plant is retreated.
Control

of MLOs through heat treatment of infected

growing plants,
even of

of dormant plant propagative organs,

leafhoppers,

can be effective

(Hull,

1971).

treatment can be applied as hot air for several
months,

Heat

days to

or as hot water for as short as 10 minutes to

many hours

(Agrios,

1988).

Ash yellows was thought to be a viral
1967,

and

as were all

disease until

the other diseases caused by MLOs.

Several viruses have been reported as causing ringspots,
1inepatterns,
foliage.

Those viruses were identified as tobacco

ringspot virus
& Agrios,
Reese,

and mosaic symptoms on declining ash

(Hibben,

1974),

1966),

tobacco mosaic virus

and tomato ringspot virus

(Lana

(Hibben &

1983 ) .

Matteoni

(1983)

concluded that ash decline in New

York state was closely associated with MLO infection
(Matteoni

& Sinclair,

1985).

Symptoms expressed in

ye11ows-infected white ashes were slow growth rates,
chlorotic foliage,

deliquescent branching

12

(a lack of

apical

dominance,

length),
spring,

plus abnormally short twigs of similar

witches'-broom formation,

premature autumn coloration,

tree death (Carr & Tattar,
(1983)

premature budbreak in

reported stomatal

of ash yellows.

1989).

branch dieback,

and

Matteoni and Sinclair

closure as a consistent symptom

The degree of stomatal

closure increased

as foliar symptoms became more intense. MLOs were also
found in declining ash trees that
morphological

lacked the diagnostic

symptoms of ash yellows

In North America,

(Sinclair,

1987).

the geographic distribution of ash

yellows extends from Massachusetts to Minnesota and from
Louisiana to southern Ontario,
1987; Matteoni & Sinclair,

Canada

1988;

(Sinclair et a1.,

French et al.,

1989).

The disease is most serious in the northeastern United
States and the southeastern Canada.
Ash yellows has been observed in many species of
ashes include white

(F.

pennsylvanica Marsh.),

black

(F.

Michx.)
1987;

americana L.),
Arizona

nigra Marsh.),

(F.

and blue

ash (Seliskar & Wilson,

French et al.,

1989).

green

(F.

her2andierana A.
(F.

1981;

DC.),

quadrangulata

Sinclair et al.,

Ash yellows,

however,

is the

most serious and occurs most frequently in white ashes.
Except for dodder

(Cuscuta spp.)

(Cantharanthus roseus

(L) G.

and periwinkle

Don.),

no host plants other

than Fraxinus is known for the ash yellows MLO although
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lilac

{Syringa spp.)

is suspected (Hibben & Franzen,

1987) .
How ash yellows spreads in nature is still unknown.
Root grafting permits spread over short distances
1986).

Although ash yellows MLO is presumed to be

vectored by insects,

because most diseases caused by MLOs

are dispersed by Homopteran insects,
leafhoppers,

especially

no insect has been identified yet as a

vector of the ash yellows MLO.

Experimentally,

yellows MLO is transmitted from ash to ash,
periwinkle,

ash

periwinkle to

and ash to periwinkle or vice versa either

through grafting
bridge

(Carr,

(Schall

& Agrios,

(Hibben & Wolanski,

1973)

or a dodder

1970).

Sometimes ash is infected with both MLO and virus.
Hibben and Reese

(1983)

identified tomato ringspot

viruses particles and mycoplasma-1ike organisms within
the phloem tissue of ash stump shoots from an ash decline
site.

Ferris

et a1.

(1989)

induced the disease on white

and green ash with both ash yellows MLO and tobacco
ringspot virus.

However,

neither synergistic nor additive

effects of multiple pathogen infection on growth or
symptom development in ash were detected.
This study was performed to provided the knowledge
for an effective control

of yellows disease of white ash.

Relatively quick and accurate diagnosis is required for
field control because a large number of trees should be
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treated at the same time.

For an effective control

yellows with antibiotics,

the dosages of antibiotics and

the time for application are very important.
these aspects,

of ash

To study

this dissertation comprises four parts:

detection methods,

symptomology,

antibiotic injection,

and maintenance of MLOs in periwinkle.

The objectives of

this study are:
1.

To evaluate Dienes'

stain,

DAPI,

and

electrophoresis as not only accurate but also practical
methods for MLO detection;
2.

To determine the relationship of symptoms and

disease severity,

effects of ash yellows-mycoplasma-like

organisms on white ash seedlings and fluctuations of MLO
population in the white ash over time;
3.

To evaluate the effects of antibiotics on ash

yellows MLO population and symptoms on white ash;
4.

and

To determine transmissibi1ity, maintenance,

and

movement of ash yellows MLO in periwinkle for further
studies.
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CHAPTER 2
MATERIALS AND METHODS

2.1 Ash Yellows MLO Detection Methods
2.1.1 DAPI vs.
Small,

Dienes’

Staining

2 to 3 mm thick,

deliquescent twigs of white

ash (Fraxinus americana L.) were sampled from witches
brooms in Mittineague Park, West Springfield, MA,
August,

1986,

samples,
place,

to compare DAPI and Dienes'

3 to 5 mm in diameter,

on the same day.

stain.

in
Root tip

taken from the same

Another sampling was done in

August,

1989,

at the University of Massachusetts,

campus,

from the white ash seedlings grafted with ash

yellows infected white ash tissues in May,

1987.

Amherst

Sizes of

the University of Massachusetts samples were
approximately same as those of the field (West
Springfield)

samples.

of white ashes,

In addition to the twigs and roots

those of periwinkles

roseus L.) were examined in 1989.

(Cantharanthus

Periwinkles were

infected with the ash yellows mycoplasma-1ike organism
(MLO)

through dodder bridges between them and the

yel1ows-infected white ash seedlings,

in 1988.

Twigs of

healthy white ash seedlings and healthy periwinkle twigs
were used as non-infected controls.
All

samples were cut into 1 cm pieces and fixed with

5% glutaraldehyde

(Fisher Scientific,
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Fair Lawn,

NJ

07410)

in 0.1 M phosphate buffer,

pH 7.0,

and stored in

the refrigerator at 5C for further use.
Following Seemuller

(1976),

DAPI was prepared by

dissolving 4',6-diamidino-2-pheny1indole,
Chemical

Company,

St.

buffer at pH 7.0.

Louis, MO 63178)

2HC1

(Sigma

in 0.1 M phosphate

Some of this stock solution was diluted

with the same buffer to 1000 ppm (1 ug/ml).

Both stock

and diluted DAPI solutions were kept in opaque glass
bottles and stored in the refrigerator at 5C.
Dienes'

staining solution was prepared by dissolving

2.5 g of methylene blue,
maltose,

1.25 g of azure II,

10.0 g of

and 0.25 g of sodium carbonate in 100 ml

distilled water

(Deeley et al.,

filtered through a Whatman No.

1979).

This solution was

1 filter paper.

This stock

solution was kept in a refrigerator in an opaque glass
bottle and was diluted 250 to 500 times with distilled
water for woody tissues right before staining.
Fixed samples were washed twice with 0.1 M phosphate
buffer at pH 7.0 and were cut into 2 to 3 mm pieces.

They

were embedded in Tissue-Tek embedding compound (Miles
Scientific,

Naperville,

IL),

and cross sectioned into

slices 30 to 100 urn thick with a cryotome
1500,

Lipshaw Mfg.

Co.,

Detroit, MI)

(Lipsaw Model

at -20 to -30C.

Extra embedding compound surrounding the thin sections
was separated from the section by immersing it in
distilled water.

Dozens of thin sections,
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obtained

serially from the same sample through cryotomy,
divided randomly into two groups:
other for Dienes’

were

one for DAPI and the

stain.

Half of the thin sections were soaked with 1000 ppm
DAPI for 15 to 20 minutes,

then washed again with 0.1 M

phosphate buffer at pH 7.0,
on glass slides.

Finally,

and mounted with the buffer

they were checked with a

fluorescence microscope (Leitz Orthoplan:
Berlin,

Leitz Co.,

Germany) with a 420 nm barrier filter and a 365

nm exciter filter.
The other half of the sections was immersed in 0.2 0.4% Dienes'

stain.

Fifteen to thirty minutes

later,

those sections were cleared in a solution containing
equal

parts of Karo light corn syrup

Englewood Cliffs,

NJ)

(Best Foods

Inc.,

and distilled water for three to

twelve hours at room temperature,
observed destaining rate.

Finally,

according to the
sections were mounted

with phosphate buffer for microscopy.

Staining and

destaining times depended on the types of tissues and/or
thicknesses of the sections.

2.1.2 Electrophoresis
In July,

1987,

several

leaves were collected from

crown and witches’-broom sprouts of white ashes severely
infected with ash yellows naturally in the field.
sampling had been done in June,
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1988,

Another

from white ash

seedlings artificially inoculated with ash yellows MLO
through grafting with infected white ash tissues.

Leaves

of healthy white ash seedlings were also collected as
controls in both experiments.
Freshly collected leaves were brought into the
laboratory right away.

Two grams of

leaf tissue were

taken from each sample and each samples were ground
thoroughly in separate mortars with 3 ml
phosphate buffer

of 0.1 M

(pH 7.5) with 2 mM of EDTA,

polyvinylpyrrolidone,

and a small

1 g of

amount of sea sand.

A

crude sap of the leaf tissue was centrifuged at 20,000 g
for 20 minutes and the supernatants were saved for
polyacrylamide gel
For PAGE,

electrophoresis

(PAGE).

2 - 30 % polyacrylamide linear gradient

slab gel was made and 0.1 M Tris-HCl
a gel buffer.
8.3.

Running buffer was 0.1 M Tris-glycine at pH

Each 200 ul

a well

of

in the gel.

leaf tissue supernatant was put into
During the PAGE,

kept at 3 mA/well.
Blue,

(pH 8.9) was used as

electric current was

Tracking dye was 0.04 % Bromophenol

and standard protein was bovine serum albumin.
After electrophoresis,

Coomassie-Bri11iant Blue
methanol

100 ml,

400 ml plus 10 ml

gels were stained with

(trichloro-acetic acid 30 g,

acetic acid 35 ml,

and distilled water

of 1 % Coomassie-Bri11iant Blue R-250

in distilled water)

for an hour.

Gels were destained for

24 hours with the destaining solution of 1 part of acetic

19

acid,

6 parts of methanol,

and 14 parts of distilled

water.

2.2 Symptomology
2.2.1 Symptom Development
Symptom developments of both white ash trees and
seedlings were observed.

Ninety naturally growing white

ash trees were selected in June,
different

1986,

from three

locations of Massachusetts: Mittineague Park of

West Springfield,

Belchertown,

Massachusetts at Amherst.

All

and the University of
50 white ashes selected

from the Mittineague Park, West Springfield had ash
yellows symptoms,
(DEHs)

their diameters at 1.4 m above ground

ranged from 11.4 to 59.6 cm (average 29.8 cm).

These trees were growing in the middle of an urban park.
In Belchertown,
selected.

20 healthy appearing white ashes were

These were growing in hedgerows and none of

them showed ash yellows symptoms.
92.7

cm (average 46.4 cm).

DBHs ranged from 8.9 to

Additional

20 trees in urban

situations were selected on the campus of University of
Massachusetts,

Amherst, MA.

symptoms of ash yellows,

None of those had any

either.

Their DBHs ranged from

16.3 to 31.2 cm (average 22.9 cm).
According to symptoms and crown conditions,

all

white ashes were classified into the following 6 vigor
rating classes

(Silverborg and Ross 1968):
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class

I

=

apparently healthy appearing trees,

class II

= trees with

sparse crown and chlorotic foliage and less than 1/4 of
foliar crown dead (early decline),

class

III = trees with

sparse crown and chlorotic foliage and more than 1/4 but
less than 1/2 of foliar crown dead,

class IV = with or

without tufting in the crown and more than 1/2 but
than 3/4 of

foliar crown dead,

less

class V = with tufting and

more than 3/4 of foliar crown dead but still with some
live twigs in the crown,

class VI = entirely dead trees

or trees with no living twigs in the crown even though
witches'-brooms were growing at the base of the tree.
Then these vigor classes were placed into two groups:
decline in less than half of the crown (group I),
classes

I,

II,

(group II),

and III,

classes

IV,

rated once per year,

rating

and more than half of the crown
V,

and VI.

Every single tree was

every July or August,

for a disease

assessment.
Symptoms were observed monthly for 40 months
1986 - September,
recorded:

2.2),

The following symptoms were

witches’-broom formation (Fig.

of the foliage,
bud break,

1989).

deliquescent branching,

premature autumn coloration,

bark seam (frost crack),
In September,

1989,

(May,

2.1),

chlorosis

premature spring
tufting

(Fig.

and death.

terminal

shoots were collected

from all white ashes to determine each year's terminal
growth of the last 4 years. At the same time,

21

one

Fig. 2.1
Witches'-brooms on ash yel1ows-infected white
ash (Fraxinus americana).
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Fig. 2.2
Tufting on ash yel1ows-infected white ash
(Fraxinus americana).
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increment core was taken from the trunk of each tree at
1.4 m above ground with an increment corer and the radial
growth of the past 15 years was determined,
year-intervals,

in three-

by measuring those cores under the

dissecting microscope (30x).
Forty 2-year-old,

bare-root,

white ash seedlings

were obtained from Musser Forests,
15701,

in 1987.

Inc.,

Indiana,

At the time of the purchase,

PA

the

seedlings ranged from 0.5 to 1.0 cm (average 0.8 cm)
diameter

(5 cm above the root buttress)

(average 51.4 cm)

in height.

All

in

and 33 to 71 cm

seedlings were planted

on May 7,

1987 in plastic pots of 22 cm diameter and 22

cm depth.

Loam soil

with Pro-Mix BX
10801)

used in this experiment was mixed

(Premier Brands

Inc.,

New Rochelle,

NY

at 1:1 ratio.

Seedlings were kept in the greenhouse for several
months,

then were moved outside for vernalization,

maintained next to the Clark Hall
study,

greenhouse.

and

During the

seedlings were fertilized with 15 g of granular

fertilizer
Services

(CPS Fertilizer,

Inc., Wilmington,

and August of each year.

5:10:10,

Crop Production

DE 19803) per pot every June

They were watered as often as

needed (1-2 times per day during the growing season).
To transmit ash yellows,
were grafted on May 10,

1987,

half of the 40 seedlings
in the greenhouse at

different sites per seedling with at
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five

least two of the

following plant materials:

patches,

buds,

or small

twig

tips of witches'-brooms of ash yel1ows-infected white ash
(Fig.

2.3). Witches’-broomed twigs were confirmed with

positive DAPI staining before grafting.

The other 20

seedlings were grafted with their own bark patches and
were used as non-infected controls.

Symptoms were

observed for seedlings in the same manner as with white
ashes in Mittineague Park.

Terminal

growth was also

measured each year.

2.2.2 Histology
Five twigs and five roots were collected from
University of Massachusetts,

Amherst Campus,

during the

growing season from the ash yel1ows-infected and five
more twigs plus
ash seedlings,

five roots from the non-infected white
to compare the differences in histology

between these groups. Witches'-broomed sprouts were also
collected for comparison.
Twig and root samples were sectioned at 30 to 60 urn,
both transversely and longitudinally, with a cryotome
(Lipshaw Model

1500,

Lipshaw Mfg.

Co.,

examined under a compound microscope.
hyperplasia were emphasized.

Detroit, MI)

and

Tissue collapse and

Root sections were stained

with IjKI solution following Wargo's procedure
the assessment of starch accumulation.

(1975)

IjKI solution was

prepared by dissolving 1.5 g of potassium iodide
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for

(KI)

and

Fig. 2.3
White ash (Fraxinus americana) seedling grafted
with ash yel1ows-infected witches'-brooms of white ash.
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0.3 g of crystalline iodine
water.

(I2)

in 100 ml

of distilled

Sections were placed on a glass slide and flooded

with I2KI solution.

I2KI solution was made fresh before

each staining because its color faded after several days.
Excess solution was blotted,

and fresh iodine solution

was added on the glass slide.

Five minutes

later,

the

sections were rinsed twice with distilled water and
mounted with glycerine on the glass slide for microscopy.

2.2.3 Fluctuation of MLO Population in a White Ash over
Time
Studies on MLO fluctuation were done both on
naturally occurring trees in the field and with white ash
seedlings.

In the field study,

20 white ashes naturally

infected with ash yellows-MLO were selected from
Mittineague Park, West Springfield, MA and 20 uninfected
white ashes were selected from Belchertown, MA in May,
1986

(both infected and uninfected white ashes were

exactly the same trees as those used in the
Development'

experiment).

For MLO-population indexing,
examined.
long,

'Symptom

Twig tip samples,

twigs and roots were

approximately 10 to 20 cm

were collected from 5 different spots of the upper

crown using a bucket truck

(Mittineague Park)

pole pruner

and approximately 10-cm-long

(Belchertown),

or using a

and 3 to 5 mm thick root tip samples were collected from
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2 different spots of the root by digging up the ground
with a shovel.

Twigs needed more sampling than roots

because the MLO distribution was found to be less even in
the crown than in the root.
monthly from all

The sampling was performed

the white ashes.

Freshly collected

samples were kept in closed plastic bags and immediately
brought into the laboratory.
stored,

stained,

However,

Samples were then fixed,

and examined as described previously.

in this study,

fixed tissues were usually cross

sectioned with a single-edged razor blade by hand at
approximately 100 urn in thickness.
Results of
pluses

(+:

fluorescence were rated as a number of

one or two,

five and ten,

+ + + +:

++:

three to five,

more than ten,

fluorescence spots in the cambial
ash trees

+ + +:

DAPI specific
area).

Twenty-one green

(Fraxinus pennsylvanica Marsh.),

University of Massachusetts,

between

Amherst, MA,

from
were also

screened for MLO with the same procedure as that used for
the white ashes.
Two-year-old,
obtained in 1987
15701),

bare-root,

white ash seedlings

from Musser Forests

Inc.

were used in the seedlings study.

the purchase,

(Indiana,

PA

At the time of

the seedlings ranged from 4.5 to 11.0 mm in

diameter (5 cm above the root buttress)
in height.

(192),

All

plastic pots of

and 18 to 74 cm

seedlings were planted on May 7,
22 cm diameter and 22 cm depth.
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1987,

in

To transmit ash yellows,
(mean diameter:

7.8 mm, mean height:

grafted on May 10,
seedling with at
materials:

half of the 192 seedlings

1987,

at

51.1 cm) were

five different sites per

least two of the following plant

patches,

buds,

or small

twig tips of witches'-

brooms of ash yel1ows-infected white ash (Fig.

2.3).

Witches'-broomed twigs were confirmed for MLOs in their
sieve tubes by DAPI staining before grafting.
96 seedlings
cm)

(mean diameter:

The other

6.7 mm, mean height:

47.9

were grafted with their own patches and used as non-

infected controls.
On the fifteenth day of each month,

5 ash yellows-

grafted and 5 self-grafted seedlings were selected
randomly.

All

the soil

around the roots of those

seedlings was washed out with running tap water and the
conditions of

the seedlings were recorded.

Then the

seedlings were cut into 1-cm-long pieces at intervals of
every 5 cm from the root buttress.
twigs,

If there were any

the twigs also were cut into 1-cm-long pieces,

taken every 5 cm from the base. Many pieces were also
taken randomly from roots.

Those plant pieces were marked

and fixed in the 5 % glutaraldehyde according to the
sequence from the base to the top.

Fixed plant pieces

were stored in the refrigerator and stained with DAPI
previously described.
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as

2.2.4 Sites Comparison
Development of yellows symptoms in white ashes of
different

locations were surveyed to determine the

effects of the site on the disease. Mittineague Park,
West Springfield, MA represented a forest site,
University of Massachusetts,
urban site.

Amherst, MA,

and the

represented the

The white ashes in Belchertown, MA,

were

growing in a hedge row.

2.3 Antibiotic Injection
2.3.1 Mauget Uptake Rate of White Ash over Time
From December,

1988,

to October,

1989,

three white

ashes were selected every other month from the plot trees
on the University of Massachusetts,
with oxytetracycline
of

(OTC)

Amherst,

and injected

to determine the uptake rate

this antibiotic in declining white ash at the

different times of the year.

Diameters of the trees used

in the experiment ranged from 12 to 48 cm (average 22.9
cm)

at 1.4 m above ground.

Even though ash yellows

infection was not determined for each tree,

all white

ashes selected were in the early stages of decline.
Therefore,

all

of them had only a few dead and/or dying

branches in the crown,

and the portion of the declining

part did not exceed 1/4 of the crown even in the worst
tree.

Apart

from a few dead and/or dying branches,

other typical

symptoms of ash yellows were found.
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no

Oxytetracycline supplied by J.
(2810 N.

Figueroa St.,

Los Angeles,

injected into white ashes.

J.

Mauget Company

CA 90065) was

The Mauget tree injector

consisted of a plastic capsule and a plastic feeder tube
(Fig.

2.4).

The volume of the capsule is approximately 10

7

cm

and,

when pressurized,

the capsule has approximately

1 atmosphere of pressure according to the J.
Co.

This

J. Mauget

low pressure is thought to enable complete

injection more quickly than would be possible with
passive injection by gravity infusion.
contained 4 or 6 ml
study,

of

one capsule of

per 5 cm of

The Mauget capsule

4 % oxytetracycline.
6 ml

tree diameter,

In this

oxytetracycline was injected
when the diameter was measured

at 1.4 m above ground.
Oxytetracycline was injected into the outer xylem of
a root
2.5).

flare,

as near ground level

as possible

(Fig.

The injection wound was made by use of a battery

powered portable drill

operating at

600

- 800 rpm.

The

injection hole was drilled into the bark at a slight
downward angle using a clean and sharp 4.8 mm (3/16 inch)
bit to a depth of 0.5 to 1 cm into the woody tissue.
Immediately a pressurized Mauget capsule,
tube,

with a feeder

was placed into the injection wound (Fig.

2.5).

Injection was done between 9 to 10 in the morning of
a sunny day,

around the middle of the month.

To minimize

the variance caused by differences in injection skill,
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Fig.
soil

2.4
Mauget microinjector capsules with feeder tube,
thermometer, and cordless drill.
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Fig. 2.5
Oxytetracycline injection on root flare of
white ash (Fraxinus americana) with Mauget.
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all

injection had been done by the same person.

Soil

temperature was recorded at the time of injection.
Twenty-four hours after injection,
oxytetracycline was left,
capsule with a drill,

if any

a hole was made on the top of a

to release the inside pressure.

This hole was then sealed with a tape and the Mauget
injector was pulled out very carefully to avoid losing
any of the liquid remaining in the capsule and feeder
tube.

The remaining liquid in the capsule was measured in

a 10 ml

graduated cylinder.

2.3.2 Effect of Oxytetracyc1ine,
Penici11 in
In May,

1986,

Streptomycin,

and

60 white ashes naturally infected with

ash yellows were selected from Mittineague Park, West
Springfield, MA,
antibiotics:
penicillin.

for a comparison of the effects of

oxytetracycline,

streptomycin,

Each of 4 treatments,

injected control,

three

and

including the non-

had 15 replications.

DBHs of white

ashes ranged from 15.2 to 50.8 cm (average 33.8 cm)

in

oxytetracycline,

from 11.4 to 48.3 cm (average 29.0 cm)

in streptomycin,

from 14.0 to 59.7

in penicillin,

cm (average 30.5 cm)

and from 17.8 to 40.6 cm (average 29.5 cm)

in non-injected control.
Symptom development and the fluctuations of MLO
populations also were observed,
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at regular intervals,

as

described previously,

in the

'Symptomology'

experiment.

The sampling and the test methods of twig and root
samples were determined,

as previously described.

Oxytetracycline was applied through Mauget capsules
(J.

J. Mauget Co.,

contained 4 ml

of

Los Angeles,

CA).

4 % oxytetracycline

ingredient /capsule).

The Mauget capsule
(160 mg active

Streptomycin was applied in Mauget

capsules that contained 4 ml

of 0.04 % streptomycin (1.6

mg active ingredient/capsule).

Penicillin injection

formula was prepared by dissolving powdered penicillin
(Sigma Chemical

Company,

St.

Louis, MO 63178) with

distilled water at the concentration of 0.3 %.
penicillin solution in 4 ml

The

aliquot was placed was

divided into empty Mauget capsules

(13 mg active

ingredient /capsule). Mauget capsules of Oxytetracycline
and streptomycin were stored in the refrigerator at 5C.
Penicillin solution was prepared and encapsuled several
hours before injection.
Each antibiotic was injected at a rate of one Mauget
injector per 5 cm DBH of a tree.

Thus the white ash trees

received 160.0 mg of oxytetracycline,

1.6 mg of

streptomycin or 13.0 mg of penicillin per 5 cm of their
DBH.
The first injection was performed in September,
All

1986.

white ashes except one tree of streptomycin injection

were reinjected in June,

1987,
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in a similar manner and at

the same level.

Empty capsules were removed from the

trees within approximately 72 hours after injection.
In June,

1987,

45 additional white ashes naturally

infected with ash yellows,

were injected with higher

dosages of the 3 antibiotics.
consisted of 3 different
capsule per 5.0,

3.8,

Each antibiotic injection

levels of treatment;

or 2.5 cm DBH.

per 1 cm DBH of a white ash were;
of oxytetracycline,
or 2.6,

3.4,

0.3,

0.4,

one Mauget

Therefore,

32.0,

42.0,

dosages

or 64.0 mg

or 0.6 mg of streptomycin,

or 5.2 mg of penicillin.

The DBH range of

white ashes in each treatment is shown in Table 2.1.

Each

treatment had 5 replications.
Twigs and roots samples were collected from every
injected tree every other week from one to nine weeks
after injection.
in

Sampling methods were already described

'Fluctuation of MLO Population in a White Ash over

Time'.

The effects of antibiotics on MLO populations in

white ashes were examined through DAPI staining,
described previously.

as

Foliage was observed for

phytotoxicity and other changes in symptoms.

2.4 Ash Yellows MLO in Periwinkle
Periwinkles,
from seeds
14445)

variety

'tall

rosea', were germinated

(Crosman Seed Corporation,

East Rochester, NY

and grown in the greenhouse at the University of

Massachusetts, Amherst, MA,

from 1986.
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them were discarded and cuttings were made from those
five periwinkles to minimize the variation arising from
genetic diversity.
To propagate periwinkles,

5 to 10 cm of young twig

tip was cut with a single edge razor blade and all

leaves

except the two youngest fully expanded were removed.
Flower buds were also removed from the cutting,

and then,

they were stuck 1 cm deep into an equal mixture of heat
sterilized soil
Rochelle,

and Pro-Mix BX (Premier Brands

NY 10801).

Inc.,

New

Cuttings rooted about a week later

and grew actively after rooting.

Rooted cuttings were

transplanted to a pot about three weeks after cutting
with the same kind of soil mixture.

All

periwinkles were

fertilized every other week with Peters Professional M-77
(N:P:K = 20:20:20, W.

R.

Grace & Co.,

Fogelsville,

PA

18051).

2.4.1 Dodder Transmission Test
White ash seedlings grafted with twigs,
patches of ash yel1ows-infected white ash,
symptoms,

especially witches'-brooms,

grafting,

and several

buds,

or bark

showed

a few months after

of these seedlings were used in the

transmission study.
Dodder (Cuscuta subinclusa Dur.
from Dr.

S Ailg.) was obtained

Craig R. Hibben of Brooklyn Botanic Garden,

Kitchawan Rd.,

Ossining, NY 10562,
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712

as dormant seeds in

July,

1986.

Dormant seeds were soaked in sulfuric acid

for 10 to 15 min.

to soften the seed coat.

Then the

soaked seeds were rinsed thoroughly with distilled water
and incubated on water soaked filter paper in a plastic
petri dish at room temperature.
Most of the dodder seeds germinated within 4 to 5
days in the petri dish and were transferred to young
tissues of healthy periwinkles when their size reached 1
to 2 cm.

Usually,

the dodder established on the

periwinkle and grew again within 3 days. More dodder
cultures were made through transferring several

3 to 4

cm-long thread tips of a dodder growing on the periwinkle
to the other healthy periwinkle.
To transfer MLO from white ash to dodder,
of dodder,

a small

pot

which was parasiting the periwinkle, was

placed next to the witches'-broom of a white ash
seedling.

Height of the pot was adjusted to that of

witches’-broom to enable the dodder tips to wind around
the witches'-brooms.
established,

After the dodder was successfully

the periwinkle pot was removed by cutting

dodder threads.
When dodder threads on the witches'-broom were
approximately 10 cm long,

a pot of healthy periwinkle was

placed next to the witches'-broom, which allowed the
dodder to grow over the periwinkle and to parasitise it.
Plants were kept for 7 to 8 weeks without cutting any
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dodder bridges between the white ash and the periwinkle.
Transmission of MLO through the dodder bridge to a
periwinkle was confirmed by staining the periwinkle twigs
with DAPI.
After the dodder bridge was cut,

leaves and a young

twig tips of healthy white ash seedlings were touched to
dodder threads growing on the ash yel1ows-infected
periwinkle.
contact.

Healthy periwinkles were also brought into

Transmission of MLO to these healthy white ash

seedlings and periwinkles were also confirmed by DAPI
staining.

As a control,

this same experiment was

performed between healthy white ash seedlings and healthy
periwinkles.

2.4.2 Maintenance of Ash Yellows MLO in Periwinkle
Cuttings were made with periwinkles infected with ash
yellows through dodder bridges.

Protocols for cutting

were explained earlier.
In many cases,
symptoms,

not all

twigs of a periwinkle showed

such as witches'-broom or phyllody.

Some twigs

do not show any symptoms even though an adjacent twig
displays a witches *-broom.

Therefore,

to test the

maintenance of MLO in these tissues of ash yellowsinfected periwinkles,

50 cuttings were made from each of;

1)

twigs with witches'-brooming,

3)

twigs without symptoms,

2)

twigs with phyllody,

next to twigs with symptoms.
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4)

twigs without symptoms,

surrounded by twigs without

either symptom.
Dodder was transferred on the cuttings of ash
yel1ows-infected periwinkles 2 months after cutting.
Existence of MLO in those cuttings were confirmed either
through symptoms of witches'-broom and phyllody or DAPI
staining. When dodder bridges were fully developed,

they

were extended to healthy periwinkles and white ash
seedlings.

Similar treatments had been done with healthy

periwinkles .

2.4.3 Movement of MLO in a Periwinkle
Small

twigs of witches'-broom of periwinkle were

grafted on the same day on the stem of 54 healthy,
month old,

periwinkle cuttings,

one

which originated from 3

healthy periwinkles.
Grafting was performed as follows:

split the stem of

a healthy periwinkle approximately 1 cm-long with a razor
blade,

cut the end of a witches'-broom to a wedge shape,

insert it into the split stem,
winding a Parafilm "M"
CT 06830)

(American Can Company,

Greenwich,

around the stem tightly.

Every week,

3 of those grafted seedlings were

selected at random.

Soil

on the root ball was thoroughly

washed with running water. All
diagramed,

and hold them together by

divided,

parts above the soil were

and numbered every 1 cm.
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Any

abnormality,

phyllody,

on the diagram.

and witches'-broom were recorded

Leaves were detached,

and the midribs

were cut into 1 cm-long and fixed in 5 % glutaraldehyde
in 0.1 M phosphate buffer,
diagram.

All

pH 7.0,

according to the

twigs and stems were also cut into 1 cm-

pieces and fixed in 5 % glutaraldehyde following the
numbers in the diagram.
cut,

and fixed.

Several

roots were also selected,

Fixed samples were examined through DAPI

staining.
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CHAPTER 3
RESULTS

3.1 Ash Yellows MLO Detection Methods
3.1.1 DAPI vs.

Dienes'

Staining

Phloem sieve tubes which were colonized by MLOs were
stained by Dienes'
other hand,

stain as dark blue (Fig.

3.1).

On the

non-infected tissues of periwinkles and white

ashes did not show any change in color of their phloem
sieve tubes.

However,

Dienes'

stain stained not only

phloem sieve tubes of MLO-infected plants but also the
xylem and the cortex of both MLO-infected and noninfected.
(Fig.

3.1)

The xylem tissues turned bright turquoise blue
and the cortex cells were colored pale to

moderately purplish blue according to the length of
destaining time.
DAPI,
colorless,

4',6-diamidino-2-phenylindole(2HC1),

is

therefore no change in color was found on the

thin sections stained with DAPI by naked eye.
fluorescence microscopy,
a set of filters,

in

some changes were found through

consisting of an exciter filter at 365

nm plus a barrier filter at 420 nm.
tissues to radiate fluorescence:
non-infected,

However,

DAPI caused some

either MLO-infected or

white ash or periwinkle,

In the fluorescence microscopy,

twigs or roots.

the tissues stained

with DAPI had fluorescence but non-stained tissues
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Fig. 3.1
Light micrographs of cross section of white ash
(Fraxinus americana) twigs treated with Dienes' stain.
Phloem (P) of ash yel1ows-infected (A) is stained blue.
Healthy (B) shows unstained phloem. X:xylem
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appeared very dark. When MLOs colonized phloem sieve
tubes,

DAPI stained the tubes very brightly with pale

blue color

(Fig.

3.2).

Usually,

the whole sieve tube was

stained with DAPI but sometimes only a part of it was
stained.

Under the higher magnification (over 200x),

one

DAPI-fluorescence spot of the lower magnification
revealed a cluster of fluorescence in several
next to each other

(Fig.

3.3).

sieve tubes

Non-infected sieve tubes

did not have any fluorescence in their sieve tubes.
Irrespective of the kind of sample examined,
staining xylem turned out pale blue.
color of the cortex did not change,
strong blue fluorescence.

in DAPI

In most cases,

the

but bark tissues had

Plant nuclei were stained and

radiated a pale blue fluorescence in the same manner as
MLO-colonized sieve tubes

(Fig.

3.2).

When the same samples were stained, more DAPIspecific spots were found than Dienes'
(Fig.

3.4).

Comparing the samples,

staining spots

witches'-brooms or

periwinkle tissues had more MLO-specific spots than root
or white ash tissues.
DAPI

fluorescence is observed through reflected epi-

fluorescence while Dienes'
As a result,

section thickness was very critical

result of Dienes'
exceeded 100 urn,
accurately.

stain uses transmitted light.

stain.

on the

If the thickness of a section

it was hard to read the result

In addition,

the thickness of a section also
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Fig. 3.2
Fluorescence micrographs of cross section of
white ash (Fraxinus americana) twigs treated with DAPI.
Phloem (P) of ash yel1ows-infected (A) is stained by
fluorochrome. Healthy (B) phloem remains unstained.
Xixylem, N:nucleus
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Fig. 3.3
Close-up micrograph of DAPI stained-phloem of
ash yel1ows-infected white ash (Fraxinus americana).
N:nucleus
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Fig. 3.4
DAPI (A) vs. Dienes’ stain (B) of cross
sections of ash yel1ows-infected white ash (Fraxinus
americana) twig.
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affected the staining and the destaining times.

Thicker

sections required longer staining and destaining time.
Section thickness was not critical
the section was not extremely thin,

in DAPI staining if
less than 10 urn.

every step of staining such as sectioning,
destaining,

Dienes'

staining,

In
and

stain needed more time than DAPI.

The

only step in which DAPI needed more time than Dienes'
stain was a fixation of samples.
hours of pre-fixation,
for Dienes'

DAPI needed at least 2

while fixation was not required

staining.

3.1.2 Electrophoresis
When the gel

from electrophoresis was stained with

Coomassie-Bri11iant Blue after running,

too many bands

appeared close together on the gel,

and the results could

hardly be distinguished.

no further

Therefore,

electrophoresis experiments were conducted.

3.2 Symptomology
3.2.1 Symptom Development
3.2.1.1 Mittineague Park
None of the white ashes in this plot were rated to
class

I and all

during the study
observation,

trees declined and ash yellows progressed
(Table 3.1).

At the beginning of the

approximately two thirds of white ashes

belonged to the classes

I,

II,
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and III.

However,

at the

Table 3.1
Changes in vigor class of yel1ows-infected
white ash (Fraxinus americana) trees over time

VC

1986

1987

1988

1989

I

0

0

0

0

II

12

13

8

12

III

21

14

11

5

Subtotal

33

27

19

17

IV

16

15

14

9

V

1

5

7

13

VI

0

3

10

11

17

23

31

33

50

50

50

50

Subtotal

Total

VC: vigor class of white ash,
I: healthy appearing,
II: less than 1/4 of the crown dead,
III: more than 1/4 but less than 1/2 of the crown
dead,
IV: more than 1/2 but less than 3/4 of the crown dead,
V: more than 3/4 of the crown dead, but still there
are some leaves,
VI: apparently dead
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end of the observation,

approximately half of them

remained in those classes.
stable during the study.

The size of class

II was

Sizes of classes III and IV

decreased constantly for four years.

On the other hand,

more and more trees belonged to either class V or class
VI,

each year of the study.

In 1986,

was in class V and none in class VI.
later,

eleven white ashes were dead

just one white ash
But three years
(class VI)

and

thirteen were almost dead (class V).
Throughout the four years of observations,

neither

bark seam nor frost crack was found on any white ash in
these experiments.

However,

all

yellows occurred (Table 3.2).

the other symptoms of ash

Twigs of yel1ows-infected

white ashes had witches'-brooms and deliquescent
branches,

but those symptoms were not found in DAPI-

negative white ashes
witches’-brooms,
tufting,
groups.

(Fig.

chlorosis,

3.5).

Among the symptoms,

deliquescent branching,

and

showed significant differences between two vigor
Premature bud break and premature autumn

coloration did not have any relationship with severity of
decline.

Thirty percent of the trees had witches’-broom,

and this percentage was not higher than those of other
symptoms.

This symptom,

however,

was a very strong

indicator of a yellows disease even though it usually
occurred in the late stage of the disease.
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Table 3.2
Comparison in symptom frequencies of yel1ows-infected white
ash (Fraxinus americana) trees (@)
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Branching patterns of ash yel1ows-infected and
healthy white ash (Fraxinus americana). A:trees,
B:seedlings, D:ash yel1ows-infected, Hihealthy
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The Witches'-broom was seldom found on the white
ashes of which crown declined in less than half crown
(Table 3.3).

Class V has the highest percentages of

witches'-brooming.

The other symptom,

tufting,

was

generally found on the ashes in which more than half of
the crown had declined.

Occurrences of premature spring

bud break and premature autumn coloration were stable
during the study.
VI)

Percentage of dead white ashes

increased constantly and rapidly,

(class

thus about one

third of white ashes died by 1989.
Ash yellows strongly affected the terminal
infected white ashes.

growth of

The vigor class of each year was

compared with that of the previous year in each tree and
the changes were converted to positive or negative
numbers

(Tables 3.4 & 3.5).

For example,

-1 means the

condition of the tree became one class better that year,
compared to the year before,

and +2 indicates that the

condition of the tree became two classes worse.

Zero

means the tree stayed in the same class in both years.
Growth rates were compared by subtraction of
present year's terminal

growth from the length of the

growth of the year before.
account.

length the

Dead trees were not taken into

Over a span of 15 years the radial

growth width

for 3-years periods were compared with each other within
the same 3-year period.

Differences in growth according
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Table 3.3
Percentages of symptom frequencies of yellows
infected white ash (Fraxinus americana) trees over time

Year

Class(#)

WB

CHLns

1986

1-111(33)

0

1987

1988

PSBns

PACns

33.3

30.3

81.8

54.5

9.1

IV-VI(17)

23.5

82.4

64.7

70.6

70.6

70.6

1-111(27)

3.7

29.6

22.2

88.9

44.4

7.4

IV-VI(23)

26.1

69.6

65.2

65.2

52.2

78.3

47.4

26.3

78.9

42.1

21.1

51.6

45.2

54.8

51.6

54.8

17.6

17.6

35.3

64.7

5.9

63.6

51.5

48.5

48.5

54.5

1-111(19)
IV-VI(31)

1989

TF

DBns

1-111(17)
IV-VI(33)

0
22.6

0
30.3

Class: vigor classes, I-III:less than 1/2 of foliar
crown dead,
IV-VI:more than 1/2 of foliar crown dead,
#: number of white ash,
WB: witches’-brooms,
CHL:
chlorotic foliage,
DB: deliquescent branching,
PSB:
premature spring budbreak,
PAC: premature autumn
coloration,
TF: tufting,
**: frequencies are different
over the year at 99% confidence level,
ns: not
significant (X-square test)
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Table 3.4
Mean of differences in twig growth of ash
yel1ows-infected white ashes (Fraxinus americana) in tree
groups with several different degrees of vigor class
change

Changes in a
Vigor Classc

# of
Trees

+2

3

+1

39

0

73

-1

8

Twig Growth

(cm)

20.8 +_ 7.7a
83.8 ±_ 115.9
118.7

+_ 67. lb

123.2 + 70.6b

@: v igor class of this year minus vigor class of last
year , (vigor classes I: healthy appearing, II: less than
1/4 of the crown dead, III: more than 1/4 but less than
1/2 of the crown dead, IV: more than 1/2 but less than
3/4 of the crown dead, V: more than 3/4 of the crown
dead, but still alive, VI: apparently dead)
* : s hoot growth of this year minus shoot growth of last
year, significant difference in growth among the changes
in vig or class. Variance is expressed by the 95%
confid ence intervals. Means followed by the same letter
in the column are not significantly different. p=0.05
accord ing to Duncan’s new multiple-range test.
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Table 3.5
Mean radial growth increments (mm) of ash yel1ows-infected white
ashes (Fraxinus americana) in five vigor-class-change groups for 3-year periods
from 1975 to 1989
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to vigor class changes were tested with F-test and with
Duncan's multiple range test.
Growth reduction occurred in terminal

shoots of

trees with worsening crown condition (Table 3.4 & Fig.
3.6).

Several white ashes which had improved crown form

from the previous year,

also increased in their terminal

growth compared to the growth of a previous year.
trees of unchanged vigor class,
slightly.

In the

the growth increased

But the growth was not significantly different

among the trees of -1,
The radial

0,

or +1 vigor class change.

growth of yel1ows-infected white ashes,

from 1987 to 1989,

showed a distinctive difference

between the trees increasing in vigor class ratings and
the trees remaining in the same vigor class or decreasing
(Table 3.5).

The radial

growth of trees increasing in

vigor class ratings remain less than one-third compared
to those of trees in decreasing vigor classes.

This

result was also found in the growth during the second
period,

1984 to 1986,

On the other hand,

and the third period,

1981 to 1983.

no difference in the growth was found

among vigor-class fluctuation during the two periods,
1980 to 1978 and 1975 to 1977.

Every white ash examined

in this experiment,

did not have significantly

different radial

therefore,

growth increment until
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1980.

Fig. 3.6 Twig growth of ash yel1ows-infected (A) and
uninfected (B) white ashes (Fraxinus americana).
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3.2.1.2 Belchertown and Univ.

of Massachusetts at Amherst

All white ashes selected from these two plots
belonged to vigor class

I,

i.e.,

they were healthy

appearing white ashes not infected with ash yel1ows-MLOs.
None of them reacted to DAPI positively throughout the
experiment.

In 1989,

one white ash in Belchertown got

dieback on a few of its twigs but still had a negative
reaction in DAPI staining.

One tree on the University of

Massachusetts Campus in Amherst died and was cut down in
1989,

but it did not have ash yellows.
During the four years of symptom observation,

none

of the plot trees had witches'-broom or tufting. However,
other symptoms,
branching,

including chlorosis,

deliquescent

premature spring bud break,

autumn coloration,

were found.

and premature

Frequencies of these

symptoms in these trees were much lower than those in the
white ashes in Mittineague Park.
Amherst,

radial

In both Belchertown and

growth of white ashes was not

statistically different,

either over the fifteen years or

between the locations.

3.2.1.3 White Ash Seedlings
Both treatments of white ash seedlings,

grafting

with scions of ash yel1ows-infected white ashes or with
bark patches of their own,

eventually led to all

symptoms

except witches'-broom and tufting. Witches'-broom and
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tufting occurred only on the seedlings grafted with ash
yellows. However,

symptom frequencies were somewhat lower

compared to the frequencies on white ashes of the field.
Even though no significant difference was found between
treatments in any year,
tufting,

percentages of witches'-broom,

and deliquescent branching were much higher in

ash yel1ows-infected seedlings than in non-infected ones
(Table 3.6). Witches'-brooms were not found from noninfected seedlings.

In ash yel1ows-infected seedlings,

witches'-brooms grew either in the crown or at the base
of a trunk

(Fig.

3.7).

The severe reduction in terminal

growth resulted in tufting in twigs.
grafting, most

(but not all)

Two years after

of AY-grafted seedlings

which had witches?-broom and/or tufting had fewer
secondary roots compared to self-grafted seedlings

(Fig.

3.8).
Table 3.7 shows the result of terminal

growth

analyses. Mean terminal growth was different between two
treatments:

ash yel1ows-infected and non-infected

seedlings. Mean terminal growth was

less in both

treatments in 1988 and 1989 compared to 1987,
seedlings were grafted.

the year

But non-infected seedlings grew

more than infected seedlings every year.

The difference

in growth between infected and non-infected seedlings was
significant one year after grafting,
of grafting. Mean terminal

compared to the year

growth was much higher in non-
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Table 3.6
Percentages of symptom frequencies on white
ash (Fraxinus americana) seedlings grafted with ash
yel1ows-infected scions (G) or non-infected scions (NG)

Year

1987

1988

1989

Treatment
(#)

WB

CHL

DB

PSB

PAC

TF

G(20)

10

50

15

35

40

15

NG(20)

0

40

5

35

35

0

G( 20)

25

55

35

45

40

45

NG(20)

0

50

5

40

40

15

G( 20)

35

60

45

45

55

55

NG(20)

0

45

10

45

50

15

*: no significant difference between treatments (F-test),
#: number of white ash seedlings,
WB: witches'-brooms,
CHL: chlorotic foliage,
DB: deliquescent branching,
PSB: premature spring budbreak,
PAC: premature autumn
coloration,
TF: tufting
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Fig. 3.7
Witches'-broom either at the base (A) or the
tip (B) of white ash (Fraxinus americana) seedlings
infected with ash yellows-MLOs through grafting.
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Fig. 3.8
Roots of ash yel1ows-infected and healthy white
ash (Fraxinus americana) seedlings. D:ash yellowsinfected, H:healthy
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Table 3.7
americana)
scions (G)

Terminal growth of white ash (Fraxinus
seedlings grafted with ash yel1ows-infected
or non-infected scions (NG)

'k

Year

Treatment

# of Ash

1987

G

20

19.65+15.01®

NG

20

23.13+13.81

G

20

4.38+4.47

NG

20

12.3 5 + 8.4 5

G

20

3.58+3.18

NG

20

11.20+_6.0 9

1988

1989

Mean Growth

(cm)

*: significant difference between the treatments at 95%
confidence level (F-test),
@: variance is expressed by
the 95% confidence intervals
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infected seedlings than in yel1ows-infected seedlings at
least one year after grafting.

3.2.2 Histology
No difference between yel1ows-infected and noninfected white ash seedlings was found in xylem tissues
of either twig samples or root samples.
cambial

But in the

area of twigs and of witches-brooms of yellows-

infected white ash seedlings
were collapsed and crushed

(3 out of 5),

(Fig.

3.9).

Hyperplasia was

also found but less frequently (1 out of 5)
collapsed cells.

than

These phenomena were not found in non-

infected seedlings.
the samples,

many cells

Cell

sizes were not different among

even in witches'-brooms.

However,

there were major differences in starch

accumulations in early October between roots of yellowsinfected and non-infected white ash seedlings.
staining of

The

roots showed more starch in the cells of non-

infected seedlings than in those of infected seedlings
(Fig.

3.10).

The starch accumulation remained constant in

non-infected roots but varied to a great extent in
yel1ows-infected roots.
starch was depleted,

In some of the infected roots,

but in some others starch content

was essentially the same as the non-infected roots. Most
root starch accumulation was found in ray cells and
secondary phloem and the least was found in xylem.
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Fig. 3.9
Phloem of white ash (Fraxinus americana) twigs
infected with ash yellows-MLOs through grafting (A) and
uninfected control (B). Phloem cells are collapsed and
crushed in A.
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Fig. 3.10
Starch accumulation in roots of white ash
(Fraxinus americana) infected with ash yellows-MLOs
through grafting (A) and in uninfected controls (B).
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3.2.3 Fluctuation of MLO Population in a White Ash
3.2.3.1 Mittineague Park
3.2.3.1.1 Twigs
In twig samples, more plot trees reacted positively
to DAPI in the growing season than in the dormant season
(Table 3.8).

The highest percentage of trees which

reacted positively to DAPI was recorded in July as
%.

For four months,

from June to September, MLO detection

frequencies steadily stayed above 90 %.
hand,

98.4

from December to March,

On the other

less than 30 % of the white

ashes reacted positively to DAPI and the frequency was as
low as 10% in February.
the average,

The variance in detection %,

on

was smaller during the growing season

compared to the dormant season.
The strength of reaction per tree followed nearly
the same pattern as the percentage of trees of positive
reaction.

As an average,

each tree that was given a 2

rating in July and August.

On the other hand,

only 1

rating was given for every ten white ashes in February
(Table 3.8).
When the proportions of each DAPI

rating of all

the

samples were expressed on the figure from January to
December,

percentage fluctuations formed a bell-shaped

curve

(Fig.

2,

and 4 DAPI

3,

3.11).

Similar plots were also generated for

ratings.

Occurrences of 2 to 4 ratings

were confined to the growing season and increased as the
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Table 3.8
Mean percentages of 50 white ash (Fraxinus
americana) trees whose twigs reacted positively to DAPI
(4’,6-diamidino-2-pheny1indole, 2HC1) over a period
September, 1986 to August, 1989

Month

Trees of Positive
Reaction(%)

Number of +
per Tree

Strongest
Reaction

January

19.9+_4.9^ab**

0.2 + 0®a**

+

February

10.0 + 4.5b

0.1 + 0a

+

March

18.1+2.8ab

0.2+0a

+

Apr i 1

45.8+_2.6 c

0.5+0b

+

May

80.4+l6.4de

0.9+0.1c

++

June

93.3+2.7f

1.2+0.2d

+++

Jul y

9 8.4 + 2.3 f

1.8+ 0.2 e

++++

August

96.6+_2.4f

1.8+0.1e

++++

September

90 . l+_3.9df

1.4+0.Id

+++

October

75.2±.5.2e

0.9 + 0.1c

++

November

5 2.5 + 0.1c

0.5+0b

++

December

26.2+_5.8a

0.3 + 0.lab

+

variance is expressed by the 95% confidence
intervals,
**: means followed by the same letter in the
column are not significantly different. p=0.01 according
to Duncan's new multipie-range test,
+: one or two DAPI
specific fluorescence spots in cambium,
++: about five
DAPI specific fluorescence spots in cambium,
+++: more
than five but less than ten DAPI specific fluorescence
spots in cambium,
++++: more than ten DAPI specific
fluorescence spots in cambium
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%

month
■I— ++

—+++

—B— ■++++

x

total

Fig. 3.11
Mean percentages of 50 white ash (Fraxinus
americana) trees whose twigs reacted positively to DAPI
(4',6-diamidino-2-phenylindole,2HC1) over the period
September, 1986 to August, 1989.
+: one or two DAPI specific fluorescence spots in cambium
++: about five DAPI specific fluorescence spots in cambium
+++: more than five but less than ten DAPI specific fluorescence spots in cambium
++++: more than ten DAPI specific fluorescence spots in cambium
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intensity went up.
increased until

On the contrary,

the 1 rating samples

the beginning of a growing season,

decreased to the climax of the season,
slightly and decreased again.

then increased

Samples with 1 rating were

unique in having their peak at the very beginning of the
growing season.

3.2.3.1.2 Roots
More white ash roots showed positive reactions to
DAPI during the dormant season than during the growing
season (Table 3.9).
ashes

The highest percentages of white

(98.4%) which reacted positively to DAPI were

observed in December and February.
(81.9 %) was found in July.

The lowest percentage

However,

the difference

between the highest and the lowest was relatively small
and it was not more than 20 %.
A month with a high percentage of DAPI-positive
reaction in roots also had a strong reactions.
average,

On the

the most DAPI-positive reactions per tree was

1.9 in February and the intensity of a reaction was also
at its strongest in February.
however,

the rating of only

During the growing season,

*1'

was the most frequently

found from these trees.
In the figure of DAPI
3.12),
total

ratings of
percentage.

2,

3,

reaction intensity

(Fig.

and 4 followed the trend of a

Rating 1 was at its highest at the
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Table 3.9
Mean percentages of 50 white ash (Fraxinus
americana) trees whose roots reacted positively to DAPI
(4',6-diamidino-2-phenylindole, 2HC1) over a period
September, 1986 to August, 1989

Number of +
per Tree

Strongest
Reaction

Month

Trees of Positive
Reaction(%)

January

95.2 + 3.9*abc**

1.6+_0@a**

++++

February

98.4+_2.3 a

1.9+0.1e

++++

March

96.6+_2.4ab

1.7+0.la

+++

April

90.0+_7 . labcd

1.2 + 0. lb

+++

May

88.4+_3 . Oabcd

0.9+0c

++

June

85.2 + 0.7 cd

0.9+0c

++

July

81.9+2.8d

0.9+0.1c

++

August

85.0+.4.8d

0.9+0.1c

+

September

88.6+.2 . labcd

1.0+0cd

+

October

87.0+1.8bcd

1.0 + 0 cd

++

November

91.9+2.Oabcd

1.1+Obd

++

December

98.4+2.3a

1.4+0f

++

variance is expressed by the 95% confidence
intervals,
**: means followed by the same letter in the
column are not significantly different. p=0.01 according
to Duncan's new multiple-range test,
+: one or two DAPI
specific fluorescence spots in cambium,
++: about five
DAPI specific fluorescence spots in cambium,
+++: more
than five but less than ten DAPI specific fluorescence
spots in cambium,
++++: more than ten DAPI specific
fluorescence spots in cambium
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%

month
+

—I— ♦+

)K

+++

-E3-

++++

■■ x- total

Fig. 3.12 Mean percentages of 50 white ash (Fraxinus
americana) trees whose roots reacted positively to DAPI
(4*,6-diamidino-2-phenylindole, 2HC1) over the period
September, 1986 to August, 1989.
+: one or two DAPI specific fluorescence spots in cambium
++: about five DAPI specific fluorescence spots in cambium
+++: more than five but less than ten DAPI specific fluorescence spots in cambium
++++: more than ten DAPI specific fluorescence spots in cambium
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beginning of a growing season.

Others reached their

highest during the dormant season.

3.2.3.2 Belchertown
None of white ashes in this plot showed a positive
reaction to DAPI
1986,

in any month of 1986.

Therefore,

after

twig and/or root samples were examined only four

times a year.

To the end of the experiment,

no white ash

tree in the Belchertown plot was found to have DAPIpositive reaction in its phloem.

3.2.3.3 Green Ashes
Among 21 green ashes indexed from the University of
Massachusetts,

Amherst campus,

positively to DAPI,
was weak.

however,

only one reacted

its fluorescence reaction

This green ash did not have any suspected

symptom of ash yellows and appeared completely healthy.

3.2.3.4 Seedling Study
DAPI staining revealed that not all

of the seedlings

grafted with scions of ash yel1ows-infected white ashes
were infected with the yellows MLO

(or else that not all

could be detected with this staining method).

DAPI

positive spots were not found in the cambium of any
seedling for the first three months

(Table 3.10).

The

number of seedlings which reacted positively to DAPI
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Table 3.10
Twig growth rate of white ash (Fraxinus
americana) seedlings at different time spans from
grafting

Time Span3
£
Month

AY-graftedb
Growth Rate1*

Self-grafted0

DAPIe

Growth Rate**

DAPIe

1

(Jun,

87 )ns

19.5120.9f

0

21.9137.3f

0

2

(Jul ,

87 )ns

21.61,22.3

0

26.8114.2

0

3

(Aug,

87)ns

30.2+11.9

0

28.5115.4

0

4

(Sep,

87 )ns

40.4+_44.3

2

42.4±26.7

0

5

(Oct,

87) ns

47.0151.3

2

58.0131.5

0

6

(Nov,

87 )ns

45.5+.45.2

3

48.5119.8

0

7

(Dec,

87 )ns

61.6165.2

2

55.319.7

0

8

(Jan,

88 )ns

5 5.31.3 8.6

3

54.6143.8

0

9

(Feb,

88 )ns

47.0145.4

4

56.9119.6

0

10

(Mar,

88)ns

49.8122.1

3

67.0145.3

0

11

(Apr,

88)ns

45.3147.5

3

45.1126.9

0

12

(May,

w
CJ
00
00

47.7128.7

4

67.2121.2

0

a: months after grafting
b: grafted with scions of ash yellows infected white
ashes
c: grafted with its own bark patches
d: (twig growth (cm) after grafting/before grafting)100,
mean of 5 ashes
e: number of seedlings which reacted positively to 4',6diamidino-2-phenylindole
f: variance is expressed by the 95% confidence intervals
ns: not significant
continued to next page
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Table 3.10

(continued)

Time Span3
&
Month

AY-graftedb
Growth Rate1*

Self-grafted0

DAP I e

Growth Rated

DAPIe

13

( Jun,

88 )ns

66.4+56.3f

3

74.0 + 40.4f

0

14

(Jul/

88)*

46.3^35.6

4

68.3+18.9

0

15 (Aug,

88)*

56.1+39.7

3

82.4+18.2

0

16

(Sep,

88)*

45.2+40.4

5

85.1+35.7

0

17

(Oct,

88)*

35.5+31.9

4

69.7+28.4

0

18

(Nov,

88)*

35.0+.45.5

5

78.6+25.4

0

19

(Dec,

88)ns

67.9+36.1

2

62.8+21.7

0

20

(Jan,

89)*

43.2j+58.1

3

7 9 . Oj+,3 5.6

0

21

(Feb,

89)*

44.5+21.8

3

7 4.9+.3 6.3

0

22

(Mar,

89)*

44.3+25.3

3

72.1+23.3

0

23

(Apr,

89)*

36.5+40.6

5

7 2.6+_3 2.0

0

24

(May,

89)*

46.9+11.6

4

7 9.9+4 3.0

0

a: months after grafting
b: grafted with scions of ash yellows infected white
ashes
c: grafted with its own bark patches
d: (twig growth (cm) after grafting/before grafting)100,
mean of 5 ashes
e: number of seedlings which reacted positively to 4',6diamidino-2-phenylindole
f: variance is expressed by the 95% confidence intervals
ns: not significant
*: significant difference between the AY-grafted and
self-grafted at 95 % confidence level (F-test)
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increased for the next few months,
after grafting,

not all

but even 24 months

of the seedlings had DAPI-

positive reactions nor AY-symptoms.

Only 58.3 % of the

white ashes grafted with ash yellows tissues reacted
positively to DAPI staining at some time during the
experiment.
Each month,
seedlings

terminal growth increments of ten

(five each from treatments)

of were recorded

immediately before they were cut and fixed for MLO
detection.

Generally,

the growth rates of ash yellows-

grafted seedlings were slightly lower than those of noninfected seedlings

(Table 3.10).

difference was found until

However,

no significant

13 months after grafting.

The

growth rate of ash yel1ows-grafted seedlings became
slower than that of non-infected seedlings one year after
grafting,

even though not all

positive in most months

of the seedlings were DAPI-

(Table 3.10).

3.2.4 Site Comparison
All white ashes examined in Mittineague Park were
infected with ash yellows and the trees declined
continuously during the study. White ashes of vigor
classes

III and IV declined rapidly but trees of vigor

class II did not.
On the campus of the University of Massachusetts,
Amherst,

only a small number of healthy appearing white
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ashes were infected (2 out of 27).

However, many other

white ashes were declining slowly.

Green ashes also were

examined but only 1 of 21 reacted positively to DAPI and
none of them showed symptoms of ash yellows.
None of the white ashes selected from Belchertown
reacted positively to DAPI

even though numerous white

ashes were declining and growing near stumps that bore
witches’-broomed sprouts.

3.3 Effect of Antibiotics
3.3.1 Mauget Uptake Rates of White Ash
An average of
tree.

4.4 Mauget capsules were used per

The number of capsules used ranged from 3 to 10 per

tree according to the DBHs of the white ashes to be
injected.

Soil

ranged from -1

temperature at the time of injection
(December)

to 22C (August).

The fastest uptake rate using oxytetracycline

(OTC)

was recorded in August and the slowest was recorded in
February

(Table 3.11).

Almost all Mauget capsules,

contents were taken up within 24 hours in August.
other hand,

On the

less than 20 % of Mauget capsule content was

taken up in February.

June and October injection rates

were not much different from August and the December
injection rate was not much different from that of
February.

April

injection rate was intermediate between

February and August rates.
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Table 3.11
OTC-Mauget uptake rate of white ash (Fraxinus
americana) trees

Uptake during 24 Hours2
Month

February

Soil Temp

(C)

3

ml /Mauget

%

, _ _ _ .
**
1.15+0.46 x

19.2

Apri 1

10

2.97 + 0.55y

49.5

June

14

5.53 + 1 • 0 4z

92.2

August

22

5.6 6+0.4 8 z

94.3

October

11

5.17 + 1.3 2 z

86.2

December

-1

1.2 5 + 0.8 2 x

20.8

OTC: oxytetracycline
a: mean of at least 13 OTC-Mauget capsules
*: variance is expressed by the 95% confidence
intervals
**: means followed by the same letter in the column
are not significantly different. p=0.01 according
to Duncan’s new multiple-range test.
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3.3.2 Oxytetracycline vs.

Streptomycin vs.

Penicillin

3.3.2.1 Effect of Antibiotics at Different Dosages
All white ashes,
non-injected controls,

including antibiotic-injected and
were screened for the presence of

MLO one week before injection and all were positive to
DAPI.

Antibiotic uptake speed was not the same in all

trees,

but more than 80% of Mauget capsules were empty

within 24 hours after injection began.

No significant

differences were found in uptake speed among the kinds
and/or the dosages of the antibiotics,
injected trees and non-injected control
One week after injection,

all

screened again with DAPI staining.
injection,

or between
trees.

injected trees were
In the first

only the trees injected with OTC reacted

negatively to DAPI,

and all

others were DAPI-positive.

the second injection,

different dosages of antibiotics

were tested.

no changes in the presence of MLO

However,

In

was detected in white ashes injected with streptomycin or
penicillin,
3.12).

regardless of the antibiotic dosages

Changes in DAPI

reactions were found only in the

trees injected with OTC.

At all dosage levels,

positive reaction was detected in the cambial
OTC-injected trees,

(Table

except for a low level

no DAPI
areas of

in one tree.

This tree had reacted highly positive to DAPI one week
before injection

(Table 3.12).
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Table 3.12
Fluorescence reaction to DAPI in cambial area
of white ashes (Fraxinus americana L.) injected with
antibiotics

OTC
Dosages

B

C

STR

Tree
I

A

PEN

1
2
3
4
5

+
+
+
+++
+

1
2
3
4
5

+
++
+
+
+

1
2
3
4
5

+
++
+
+++
++

II

-

-

-

+
—

—

-

-

-

—

—

-

-

-

-

I

II

I

II

+
+++
+
+
+

+
+++
+
+

++
+
+
++
+

++
++
+
++
+

++
+
+
+
+

++
+
+
++
+

+
+
+
++
+

+
+
+
++
+

—

+
+
+
+
++ +++
+
+
+
+
++
+
++
+++
+

++
+
++
++
+

DAPI:4',6-diamidino-2-phenylindole,
OTC:oxytetracycline,
PEN:penicillin, STR:streptomycin
32.0 mg OTC, 2.6 mg PEN, 0.3 mg STR per cm dbh
42.0 mg OTC, 3.4 mg PEN, 0.4 mg STR per cm dbh
64.0 mg OTC, 5.2 mg PEN, 0.6 mg STR per cm dbh
one week; before injection
II: one week after injection
no DAPI specific fluorescence
+: a few DAPI specific fluorescence spots in cambium
++: about ten DAPI specific fluorescence spots in
cambium
+++: more than ten but less than twenty DAPI specific
fluorescence spots in cambium
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3.3.2.2 Duration of OTC’s Effect on DAPI Reaction in
White Ash
OTC-injected white ashes were checked every 2 weeks
until

all

of them again showed positive reactions to

DAPI,

to determine the duration of the effect of OTC in

white ash.

The effect of OTC lasted longer at higher OTC

dosages than at

lower ones

higher dosages,

all

(Table 3.13). However,

even at

injected trees had again reacted

positively to DAPI nine weeks after injection.

3.3.2.3 Phytotoxicity of OTC on White Ash
The symptoms of phytotoxicity were scorch of the
foliage and,
small

twigs

in severe cases,
(Fig.

3.13).

burning and dieback of

Table 042 also indicates that

increased dosages of OTC cause increased incidence of
phytotoxicity.

Phytotoxicity was found not only on the

trees injected with OTC but also on the trees injected
with other antibiotics,

even though the most severe

phytotoxicity occurred on the white ashes injected with
the highest dosage of OTC.

Phytotoxicity was not found on

white ashes treated with OTC nor other antibiotics at the
lower dosage

(1 Mauget capsule per 5 cm DBH).

OTC-injected white ashes compartmentalized their
injection wounds and made barrier zones around the
wounds.

Cross sections of the trees,

injection,

revealed that only small

83

two years after OTCamounts of

Table 3.13
Fluctuations of DAPI
reaction in cambial
area of white ashes (Fraxinus americana L.) injected in
June, 1987 with oxytetracycline

Dosages
(mg)

32

42

64

Tree

Weeks after Injection
-113
5
7
9

1
2
3
4
5

+
+
+
+++
+

1
2
3
4
5

+
++
+
+
+

1
2
3
4
5

+
++
+
+++
++

Phytotoxicity

+
+
+
+++
+

++
+
+
+++
+

+
+

+
+
+

-

-

-

—

—

—

+

+
+
+
+
+

no
yes
no
no
no

-

-

-

-

-

+

+
+

-

-

-

-

-

-

-

+

+
++
+
+
+

no
yes
yes
yes
no

-

-

-

-

-

-

+

+

—

—

—

—

-

-

-

-

-

-

+
+
+++
+
—

no
no
no
no
no

*: 41,6-diamidino-2-pheny1indole
**: leaf scorch
no DAPI specific fluorescence
+: a few DAPI specific fluorescence spots in cambium
++: about ten DAPI specific fluorescence spots in
cambium
+++: more than ten but less than twenty DAPI specific
fluorescence spots in cambium
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Fig. 3.13
americana)
capsules.

Scorch on the foliage of white ash (Fraxinus
injected with oxytetracycline via Mauget
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discoloration occurred around the injection wound,

and

that the discoloration did not spread deeper into the
wood (Fig.

3.14).

3.3.2.4 Symptom Development and OTC
OTC,

which suppressed MLO population,

enhance the vigor of white ash.

did not

Only witches'-brooming

and tufting were significantly different between the two
groups
half)

(crown decline in less than half vs in more than
of OTC-injected trees

(Table 3.14).

3.3.2.5 Fluctuation of MLO Population in White Ash
General

trends of the MLO population fluctuation in

OTC-injected white ashes were almost the same as those of
non-injected,

ash yel1ows-infected trees in both twig and

root tissues.

However,

September,

1986,

following OTC-injection in

and June,

1987,

the MLO population was

extraordinarily low in July and October
3.16,

(Tables 3.15 &

Figures 3.15 & 3.16).

3.4 Ash Yellows MLO in Periwinkle
3.4.1 Transmission Test
In transmission experiments from witches1-brooms of
white ash to periwinkle,

first symptoms appeared on

periwinkles about 4 to 5 months after parasitization by
dodder.

The first symptoms,

which appeared only on
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Fig. 3.14
Barrier zone and discolored wood around the
injection wound of white ash (Fraxinus americana)
injected with oxytetracycline via Mauget capsules.
B:barrier zone, D:discolored wood
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Table 3.14
Comparison in symptom frequencies of yel1ows-infected
white ash (Fraxinus americana) trees injected with oxytetracycline (@)
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Table 3.15
Mean percentages of 15 OTC-injected white ash
(Fraxinus americana) whose twigs reacted positively to
DAPI (4',6-diamidino-2-pheny1indole, 2HC1) over a period
September, 1986 to August, 1989

Month

Trees of Positive
Reaction(%)

Number of +
per Tree

Strongest
Reaction

January

12.5 + 17.7®a**

0.1 + 0.2«a“

+

February

12.5 + 17.7a

0.1+0.2a

+

March

12.5 + 17.7 a

0.1 + 0.2a

+

April

54.2+_5.9abc

0.5+0.labc

+

May

90.3 + 7.lb

1.1+0.lbcde

++

1.5+0.lde

++

June

100.0+Ob

July

59.5+_42 . labc

1.3 + 0.9bde

+++

August

83.8+16.3b

1.6 + 0.7 d

+++

September

93.3+.9.4b

1.3 + 0.2bde

++

October

60.9+34.2abc

0.6 + 0.3abce

+

November

67.6+.2 4.9bc

0.7 + 0.3abcde

+

December

31.7+13.lac

0.3 + 0.lac

+

OTC: oxytetracycline,
variance is expressed by the
95% confidence intervals,
**: means followed by the same
letter in the column are not significantly different.
p=0.01 according to Duncan’s new multiple-range test,
+:
a few DAPI specific fluorescence spots in cambium,
++:
about five DAPI specific fluorescence spots in cambium,
+++: more than five but less than ten DAPI specific
fluorescence spots in cambium
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Table 3.16
Mean percentages of 15 OTC-injected white ash
(Fraxinus americana) whose roots reacted positively to
DAPI (4',6-diamidino-2-pheny1indole, 2HC1) over a period
September, 1986 to August, 1989

Month

Trees of Positive
Reaction(%)

Number of +
per Tree
_ ~ ~
**
2.0 + 0.7 a

Strongest
Reaction

+++

January

91.7+11.8®'ns

February

95.8 + 5.9

1.9 + 0.3a

+++

March

90.7 + 2.3

1.5 + 0.2abc

++

April

89.3+10.5

1. l+0abc

++

May

82.4+14.1

0.9+_0bc

++

June

86.5+.8.2

0.9+0be

++

Jul y

52.3+37.1

0.6+_0.4 c

+

August

63.7+21.0

0.7+0.2bc

+

September

7 7.4+_19.4

0.9+0.2bc

++

October

58.7+37.2

0.7+0.4bc

++

November

84.6+8.1

1.1+0.3abc

++

December

93.6+5.1

1.6+0.4ab

+++

OTC: oxytetracycline,
variance is expressed by the
95% confidence intervals,
ns: not signijficant, **:
means followed by the same letter in the column are not
significantly different. p=0.01 according to Duncan's new
multiple-range test,
+: a few DAPI specific fluorescence
spots in cambium,
++: about five DAPI specific
fluorescence spots in cambium,
+++: more than five but
less than ten DAPI specific fluorescence spots in cambium
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%

month
— +++

—0— ++++

—x— total

Fig. 3.15
Mean percentages of 15 OTC-injected white ash
(Fraxinus americana) trees whose twigs reacted positively
to DAPI (4',6-diamidino-2-phenylindole,2HC1) over the
period September, 1986 to August, 1989.
+: one or two DAPI specific fluorescence spots in cambium
++: about five DAPI specific fluorescence spots in cambium
+++: more than five but less than ten DAPI specific fluorescence spots in cambium
++++: more than ten DAPI specific fluorescence spots in cambium
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%

month
+

—I— ++

—>K-

+++

—0— ++++

—X— total

Fig. 3.16
Mean percentages of 15 OTC-injected white ash
(Fraxinus americana) trees whose roots reacted positively
to DAPI (4',6-diamidino-2-phenylindole,2HC1) over the
period September, 1986 to August, 1989.
+: one or two DAPI specific fluorescence spots in cambium
++: about five DAPI specific fluorescence spots in cambium
+++: more than five but less than ten DAPI specific fluorescence spots in cambium
++++: more than ten DAPI specific fluorescence spots in cambium
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leaves,

were marginal

chlorosis and vein clearing.

were soon followed by several
stunting and chlorosis of
of flowers,

dormant,

leaves,

stunted flowers,

axillary shoots,

other typical

Those

symptoms:

virescence and phyllody

excessive elongation of

failure of terminal buds to remain

development of witches*-brooms,

shoot growth

from the inside of a viridescent or leafified flower,

and

wilting and death of a whole plant.

3.4.2 Maintenance of the Ash Yellows MLO in Periwinkle
The existence of MLOs in periwinkle cuttings was
confirmed by DAPI staining.

In addition,

two cuttings of

each treatment were confirmed by means of a transmission
test with dodder bridge.

All

cuttings of witches'-brooms

and phyllody carried MLO through cutting. More than 60 %
of

cuttings of non-symptomatic twigs next to symptomatic

twigs were colonized by MLO.
of

On the other hand,

only 16 %

cuttings had MLO when cuttings were made from the

twigs without symptoms and if those twigs also had been
surrounded by non-symptomatic twigs.

3.4.3 Movement of MLO in a Periwinkle over Time
MLOs were found in the periwinkle tissue as soon as
one week after grafting with witches'-brooms.
took at

However,

least six weeks for the grafted periwinkles to
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it

develop symptoms such as witches'-brooming,

virescence,

and/or phyllody.
One week after grafting,

DAPI positive reactions

were found in the stem tissues both above and below the
grafting.

In the vertical

direction,

only two serial

stem

segments above the point of grafting reacted positively
to DAPI.

On the other hand,

5 consecutive stem segments

below the point of grafting showed DAPI-positive
fluorescence reactions in their cambial
Therefore,

from the graft point,

tissues.

the MLO had moved at

least 2 cm upward and 5 cm downward.
When many twigs of a periwinkle were infected and
symptoms were expressed, MLOs usually occurred most
frequently in the middle of a twig.

Also,

and unhardened tissue had the most MLOs.
hand,

recently grown
On the other

very little or no DAPI specific fluorescence was

found from the segments of a thick main stem or the large
twigs,

especially the basal

portions.

Furthermore, MLOs

were not detected from one to three segments from a twig
tip,

i.e.

very actively growing tissues and the midrib of

a leaf generally had less MLOs than twigs.
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CHAPTER 4
DISCUSSION

4.1 Ash Yellows MLO Detection Methods
4.1.1 DAPI vs.

Dienes'

Staining

As most other techniques used in plant
mycoplasmology,

both DAPI and Dienes'

animal mycoplasmology (Russell

et al.,

stain came from
1975).

first tested in plants in the mid-1970's
1976a;

1976b),

plants in 1979

and Dienes'

(Seemiiller,

stain was first tested in

(Deeley et al.).

MLOs in plant tissues,

DAPI was

Both stains can detect

and DAPI and Dienes'

some common characteristics.

stain have

As a result of staining,

usually a whole sieve tube of the phloem packed with MLOs
is stained;

individual MLO bodies are not shown because

of their small

size.

Both chemicals stained not only

sieve tubes but also other plant tissues such as xylem.
Comparisons these two staining methods,
preferable to Dienes'

stain in several

stained more sieve tubes than Dienes'
samples,

DAPI was

aspects.

DAPI

stain in the same

and DAPI-stained tubes were the more easily

recognized.

Phloem sieve elements stained with DAPI

showed bright fluorescence of pale blue while sieve
elements stained with Dienes'

stain were dark blue and

were easily confused with other tissues stained in the
sample.
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DAPI bound to plant nuclei because it is DNA-binding
f1uorochrome,

and it was not specific to mycoplasmal DNA

(Hiruki & da Rocha,

1986).

Therefore,

careful

consideration must be given in interpreting the results
even of DAPI staining.

Plant nuclei,

however,

were not

difficult to distinguish from the fluorescence of sieve
elements,

due to different sizes,

locations.
Dienes'

Sinclair et al.

stain.

(1989)

In their study,

intensities,

and

also compared DAPI with

weak Dienes'

stain

reactions occurred not only in sections from diseased
trees but sometimes in sections of trees free from MLO,
thus yielding false positive reactions.

DAPI,

however,

never gave specific fluorescence in uninfected sections.
DAPI

and fluorescence microscope could be used on a

sample as thick as 1 cm (Cha,

unpublished).

DAPI

is

stable to the ionic strength and pH of the buffer in the
staining
DAPI

(Hiruki & da Rocha,

1986).

is superior to Dienes'-stain.

staining.

Dienes'

stain requires at

whereas DAPI needs only 2.5 hours.

As regards speed,
To complete the
least 4.5 hours,
Recently,

in some

modified DAPI technique for herbaceous plants,
was shortened to 30 minutes

(Dale,

1988).

the DAPI

These

characteristics of DAPI make it possible to index a large
number of samples in a relatively short period of time.
On the other hand,
under general

DAPI staining cannot be seen

compound microscope,
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while Dienes’

stain

can be seen.

Fluorescence microscope and filters are

required for DAPI.
staining.

This may act as a disadvantage of DAPI

A microtome may be needed for Dienes'

stain,

to

make sections thinner than 100 urn.

4.1.2 Electrophoresis
Electrophoresis can be a very useful
isolate MLO's,

DNA,

or proteins,

technique to

and to determine the

relatedness of several MLOs

(Lee & Davis,

(1971)

reported the separation of

and La et al.

(1984)

1988).

Ishizaka

abnormal

proteins from MLO-infected mulberry and jujube.

However,

in my research finding, many bands were found,

that were too closed together to be distinguished from
each other. More purification of a plant sap before
electrophoresis or two dimensional

electrophoresis would

be needed to separate those bands of proteins.
The aim of this experiment was to determine whether
electrophoresis was a quick,
detection method.

simple,

From the results,

and practical
it was concluded that

electrophoresis cannot easily be used as a practical MLOdetection method.

4.2 Symptomology
4.2.1 Symptom Development and Histology
MLO infection occurs on white ashes of all
size,

and crown conditions

(Wigginton et al.,
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age,

1989).

In

four years of field observation for yel1ows-infected
white ash trees,

the disease kept progressing and no ash

trees recovered their health,
crown condition of the tree.

regardless of size and
These results agree with

those of Hibben and by Silverborg
Sinclair

(1982).

(1978)

and Matteoni and

Ash yellows progresses rapidly,

especially at the later stages of the disease.

Therefore,

at the end of the observations in the present
experiments,

almost half of the trees were dead or almost

dead. Most of those trees were in the intermediate state
of the disease

(vigor classes

of the experiment.

III

& IV)

at the beginning

The number of trees belonged to class

II was stable throughout the observation.

Those white

ashes may possibly be tolerant to the disease.
Among several
white ashes

symptoms observed in yel1ows-infected

(Matteoni,

1983),

premature spring bud break

and premature autumn coloration were not significantly
correlated to the disease.
chlorosis,

However,

deliquescent branching,

witches'-brooming,
and tufting were

closely related to the disease severity. Witches'brooming and tufting were found on white ashes in their
later stages of the disease
in seedling studies,

(at

least class IV).

However,

witches1-brooming and tufting were

observed a few months after grafting the seedlings with
naturally infected witches'-brooms.

That is to say,

symptoms were expressed from an early stage of the
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those

disease.

The occurrence of those symptoms and of

deliquescent branching increased every year; meanwhile
none of the seedlings died during three years.

All

symptoms except witches'-brooms were also found in some
of the self-grafted seedlings

(Table 3.6).

But MLOs

seemed not to be responsible for those symptoms in the
self-grafted seedlings.

The symptoms occurred due to

reasons other than MLO,

such as nutritional

and drought.

deficiency

None of self-grafted seedlings was DAPI-

positive.
Witches'-brooming and tufting were diagnostic
symptom of ash yellows disease both in the field and in
the nursery.

Davey and Staden (1981)

reported high levels

of cytokinin in flowers and leaves of periwinkles
infected with MLO.

High cytokinin levels may explain the

witches'-brooming.

Deliquescent branching was not as

strong a diagnostic symptom as witches’-broom (Sinclair
et a1.,

1989).

Some white ashes did not show any typical

symptoms

of ash yellows except twig dieback,

and yet reacted

positively to DAPI.

also determined by

Sinclair

(1987)

fluorescence microscopy that trees such as these could be
infected with MLO.

In some cases,

healthy appearing white

ashes gave DAPI-specific fluorescence.

These trees may be

tolerant to ash yellows or the stain may not be accurate
to detect the low populations of MLOs.
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It is generally accepted that ash yellows reduces
the growth of infected white ashes,
experiment.

as shown in this

The presence of KLOs within the ash phloem

tissue could weaken the trees further,
sudden growth rate decreases

resulting in

(Carr & Tattar,

1989).

decline in vigor often leads to growth reduction.
grafting experiments,

terminal

Rapid

In the

growth of both seedlings

grafted with yellows and seedlings grafted with their own
bark,

were not different for approximately one year.

However,

13 months after grafting,

the terminal growth of

those two groups were significantly different.
yellcws

Ash

(A.Y)-grafted seedlings grew less than self-

grafted seedlings.
month (December,
sampling error.

The lack of significance in the 19th

1988) probably can be attributed to
It appears that several months are needed

for the ash yellows MLO to substantially reduce seedling
growth significantly.
Photosynthesis rate is closely related to the growth
reduction of infected plants and phctosynthetic capacity
can be measured by measuring stored starch (Kramer &
Kozlowski,

1979).

Iodine staining showed that ash

yel1ows-infected seedlings usually accumulated much less
starch in their roots than healthy seedlings.
al.

(1983)

and Wargo et al.

Carrol-

et

also found less starch

accumulation in roots of stressed trees than in those or
vigorous trees.
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Malfunctioning phloem and reduced root growth may
explain the growth reduction observed in MLO-infected
seedlings.

Twig sieve tubes of white ash seedlings

infected with yellows-MLO were collapsed but sieve tubes
of healthy ash seedlings were not.
agreement with Schneider

(1977),

This result is in

who observed necrotic

and collapsed sieve tubes in the leaf veins of pear
decline-infected pear trees.
had many lateral

roots,

had fewer lateral

while yel1ows-grafted seedling

roots and sometimes necroses were

observed on their roots.
same results.

Healthy white ash seedlings

However,

Dyer and Sinclair

Im et al.

(1985)

(1989)

found

reported

excessively developed adventitious roots of

jujube trees

infected with witches'-broom.
The radial

growth data of white ashes in Mittineague

Park indicated that no significant difference had existed
in radial

growth before 1980,

class changes'

among trees of

’any vigor

category even though the growth of the -1

class change was more than two times of the growth of the
+3 class change.

Therefore,

it could be hypothesized that

MLO-infection of ash may not have been widespread
throughout Massachusetts until
Tattar,

the mid-1970's

(Carr &

1989).

4.2.2 Fluctuation of MLO Population in a White Ash
MLO population was high during the growing season in
twig tissues.

These results tend to be supported by the
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hypothesis cf Braun and Sinclair
temperatures inactivate or kill

(1976) that low winter
the MLOs in the above-

ground portions cf elm trees infected with the elm phloem
necrosis disease.

In apple trees with proliferation

disease and pear trees with decline disease,
Seer.ller

'1952)

Schaper and

reported that the sieve tubes in the

stem were degenerated,

and that only a few intact sieve

tones remained present during dormant season.
Accompanying the degeneration of sieve tubes, MLOs
disappeared completely from the stem phloem of most
trees.

Carr

(1956)

reported the reduction in Dienes'

staining reaction of white ash during the winter months,
lee".lier

(1955)

found very similar results from apple

trees with proliferation disease,
In .977,

by using DAPI staining.

Eosenberger and Jones obtained similar,

but

slightly different,

results in peach X-disease by means

of a grafting test.

According to their report,

the MLO

population was high from June to August and very low
during the dormant season;
of the present study.

this is similar to the results

However,

they found that the MLO

populations of May and September were almost as
those of the dormant season,
s* .dy,

low as

in contrast to the present

where the May and September MLO populations

*-gu«tled those of June to August.

Probably,

among the results of Rosenberger and Jones,
Seemttller,

differences
those of

and those of the present experiment are due to
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the following reasons:

differences in the methods

employed in the experiment

(grafting vs.

DAPI staining),

or differences in the plant species examined,

or

differences in the MLOs examined.
The MLO populations in the roots were at their
highest during the dormant season and at their lowest
during the growing season.

However,

the difference

between the highest and the lowest was less than 20 %.
The lowest population was recorded in July as 81.9 %. MLO
population was not only more stable,
roots than in twigs
(1988)

(Cha & Tattar,

but also higher,

1989).

in

Seemiiller

obtained the same results with DAPI staining in

roots of apple trees with proliferation disease.

In pear

trees with decline disease and apple trees with
proliferation disease,

functional

sieve tubes were

present in relatively higher numbers in roots than in
stems,

and MLOs were observed and transmitted readily by

root-grafting during dormant season (Schaper & Seemiiller,
1982).

Results of this experiment support the results of

Sinclair et aI.

(1989).

They found that MLOs were

detected more than twice as often in roots as in twigs,
even when samples were from the same white ash.
Therefore,

roots are recommended as an effective sampling

location for MLO detection.
DAPI-specific fluorescence in twigs was not only
frequent but most strong during the growing season.
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But

during the dormant season, MLO population decreased in
twigs;

this resulted in less and dimmer DAPI

than during growing season.

fluorescence

Schaper and Seemuller (1982)

concluded that during the winter MLOs survive mainly in
the root systems of affected plants,
from there to the aerial

and that they spread

parts in the spring.

Their

conclusion also seemed to be true in yel1ows-infected
white ash.

This may cause an inaccurate diagnosis of

freedom from ash yellows if DAPI staining is performed
with twigs during dormant season.

DAPI-positive

fluorescence appeared pre-symptomatical1y in the twig of
ash yel1ows-grafted white ash seedlings from the 4th
month after grafting,

while none of the self-grafted

seedlings reacted to DAPI positively throughout the
study.

It seemed that MLOs needed time to build up the

population to the level which can be detected by the
fluorescence microscopy,

as used in the DAPI staining

technique.

4.2.3 Site Comparison
Ash yellows progressed very rapidly in Mittineague
Park compared to the Amherst Campus of the University of
Massachusetts

(UMASS). Many white ashes died in

Mittineague Park during the study,
UMASS.

while none died in

This may be explained by the fact that,

beginning of the observation,
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at the

the condition of the white

ashes in Mittineague was much worse than that of the
white ashes in UMASS.
Belchertown seemed to be a place where ash yellows
had been severe many years ago,
ash still

because many stumps of

remain and a lot of witches’-brooms are growing

from those stumps.

However,

no white ashes of the

Belchertown plot were infected.

Those trees could be

tolerant to the ash yellows MLO and should be monitored
further.
tolerant.

Green ashes tested in UMASS may also be
There have been reports that green ash is

tolerant to ash yellows
Ferris et al.,

(Matteoni & Sinclair,

1988;

1989).

4.3 Effect of Antibiotics
4.3.1 Mauget Uptake Rate of White Ash
Trunk injection rate depends on tree species;

and

within a tree species it varies with the nature of the
solution,

with tree size and vigor,

conditions,

with time of the day,

recent weather

(Reil

& Beutel,

with disease

and with current and

1976).

Trunk injection is

usually not recommended for trees with more than half of
the crown dead (Schieffer,

1988).

White ash often took approximately 24 hours during
the growing season to take up the 6 ml
in one Mauget capsule.
than 1 hour,

However,

of oxytetracycline

jujube trees take less

using same type of Mauget capsule
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(Cha,

unpublished). When Sinclair and Larsen (1981)
water into several

species of trees,

injected

injection rates of

white ash were almost the lowest among tree species.
this experiment,

the fastest uptake rates were recorded

from June to October.
winter months,

In

Rates were very slow during the

and intermediate in April.

Therefore,

it

was concluded that injection should be performed in the
months of July,

August,

September,

and October.

These

findings agree with the report of Sinclair and Larsen
(1981) who found that injection is quicker and
distribution is more uniform in trees after the new
leaves are expanded than during dormancy or early in the
growth period.

Presumably this is because of the negative

xylem pressure potential
However,

associated with transpiration.

they also found that rates were greater in late

September than in late June and the result does not agree
with that explanation.

This result also contrasts with

the findings of the present experiment.

One possible

explanation for this contradiction is that the rate may
depend on the nature of the solution and on the time of
day.

4.3.2 Effects of Antibiotics
The Shigometer
NH) was very useful

(Northeast Electronics Co.,

Concord,

in declining white ash trees,

detecting areas of dead xylem and dead cambium,
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in

so that

these sites could be avoided for injection. Mauget
capsules were placed at the root flair to enhance the
antibiotic distribution.

Solutions introduced into roots

are more uniformly distributed into branches and twigs
than the solutions injected into trunks,

probably because

root wood is generally more porous and contacts between
vessels are more numerous in roots and the root collar
than in stem wood (Zimmerman & Brown,
uniformity of internal
rate,

1971).

For the

distribution and increased uptake

pressurized systems are recommended.

However,

extensive care should be taken because significant
proportions of pressure-injected chemicals may be forced
'off target'
1981;

1982;

several

into wood several
Sinclair & Larsen,

years old

1980;

1981). Wood that is

years old wood is non-functional wood and greatly

reduces the efficacy of injection.
functional wood,

(Holmes,

To avoid non¬

trunk injections should be made as

shallow as possible,
the bark

(Holmes,

preferably into wood just beneath

1981; McCoy,

1982a).

Injected materials are translocated in the plant
both apoplastical1y and symplastically
oxytetracycline is injected into trees,

(Nair,

1988). When

injection into

xylem vessels proved to be effective for distribution
both in the xylem and phloem.

Later it enters into the

symplastic system through piasmodesmata between xylem
parenchyma,

ray cells,

and phloem parenchyma
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(Nair,

1988).

Among antibiotics,

synthesis.

penicillin inhibits cell wall

Streptomycin inhibits polypeptide synthesis

and oxytetracycline (OTC)

inhibits protein synthesis

through inhibition of t-RNA activity (Hash,
mycoplasmas do not have a cell wall,

1972).

Since

it is reasonable

that the cell wal1-inhibiting chemicals provide very
little or no effect on MLOs.

In the present experiments,

penicillin was not effective in yel1ows-infected white
ashes at any dosage level.
neurolyticum,

Growth of Mycoplasma

however, was inhibited by as

units of penicillin per ml

low as 40

of the culture medium

(Wright,1967).
OTC injection reduced the MLO population in white
ash trees,

at

least temporarily.

addition to DAPI and Dienes'

This is an evidence,

stain,

in

that MLOs are present

in the white ashes with yellows disease (Cha & Tattar,
1988).

Streptomycin did not affect MLO populations even

though it inhibits the synthesis of proteins. McCoy
(1982b)

explained that streptomycin is famous for its

adsorption to the xylem vessel wall,

while highly water-

soluble hydrochloride moieties of tetracyclines move
easily in the xylem vessels.

This is the reason that

streptomycin is not very effective in injection,
OTC is effective.

However,

while

little is known about the

mechanism of action of OTC on MLO (Raychaudhuri & Rishi,
1981) .
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MLO was not detected in OTC-injected trees for
certain periods of time depending on dosage of OTC
applied.

At the regular dosage,

32 mg a.i.

of OTC per 1

cm DBH, MLO was not detected for approximately one month
both in twigs and in roots.

Carr

(1986)

achieved the same

degree of remission of MLO presence from both Mauget and
gravity infusion.

Even at the highest dosages,

external

symptoms of ash yellows were not changed and MLOs
reappeared in phloem sieve tubes approximately two months
later.

In peach,

the remission lasted at least one

growing season by single injection (Schieffer & Tattar,
1988).

In addition,

external

symptom remission occurred

for one year in witches'-broom infected jujube following
a single injection during October
However,

necroses were still

(La et al.,

1976).

found in sieve tubes of

secondary phloem of major leaf veins of OTC-injected
jujube trees

(Im et al.,

Phytotoxicity,
small

twigs,

antibiotics.

1985).

scorch in foliage and dieback of

was observed from the highest dosages of all
In OTC,

phytotoxicity was also recorded from

the intermediate dosage

(42 mg a.i.

per 1 cm DBH).

Therefore, modification in the antibiotic injection
techniques to minimize phytotoxicity are still needed and
should be developed.
Whenever a tree is wounded for the introduction of
chemotherapeutants,

the tree will wall
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off or

compartmentalize the injured and infected tissues
1977; McCoy,
1988).

Carr

1977;
(1986)

Nair,

1981;

Carr,

1986;

(Shigo,

Schieffer,

reported that the discoloration in the

wood of white ashes injected with oxytetracycline was
caused by the wound (injection hole)
oxytetracycline.

itself,

not by the

Cross sections of white ash in this

study revealed that discoloration was small

and was well

walled off.

4.4 Ash Yellows in Periwinkle
4.4.1 Transmission of Ash Yellows
The symptoms on periwinkles as results of MLO
transmission through dodder bridge
stunting,

chlorosis,

virescence etc.),

reported by Hibben (1971).
in dodder

(vein clearing,

(Siller et al.,

agreed with those

It seemed that MLOs multiply
1987).

Infected periwinkles

finally wilted and died in both experiments.

In 1986,

Yang reported the symptom expression of four witches'broom diseases in periwinkle,
grafting or by insect vectors.

transmitted either by
Symptoms differed,

depending on the pathogen that was transmitted.

It seemed

that there may be different strains of MLO and that
different MLOs may cause different symptoms even on the
same species of host plant.
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4.4.2 Maintenance of MLOs in Periwinkle
Periwinkles are an effective maintenance host of
MLOs.

All

cuttings.

symptomatic twigs carried MLOs through
Cutting experiments revealed that more than

half of healthy looking twigs next to symptomatic twigs
were colonized by MLOs.
presymptomatic.

The colonization of MLO was

The possibility of MLO colonization

decreased when the cuttings were made from the twigs
farther away from symptomatic twigs of the same plant.
and Lee

(1984)

reported slightly different results.

La

They

examined MLO distribution in witches'-broom-infected
jujube trees. MLOs were found from the phloem of the
healthy-appearing leaves that frequently are found in a
witches'-broomed twig.

However, MLOs were not detected

from leaves taken from symptomless branches of an
infected tree.

These researchers did not mention how far

those symptomless branches were apart from symptomatic
branches. MLOs might be detected if symptomless branches
near the symptomatic branches were examined.

4.4.3 Movement of MLOs in a Periwinkle
In yel1ows-grafted periwinkles, MLOs were detected
from one week after grafting,
appeared until
Rocha (1986)

while no visible symptoms

six weeks after grafting.

Hiruki and da

also found pre-symptomatic staining by DAPI

in newly formed,

symptomless shoots of periwinkles
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infected with aster yellows.

From the experiments,

it can

be concluded that MLOs are translocated both up and down
the stem from the grafted site through phloem,

and that

the downward translocation is more active than upward
translocation. MLOs probably do not colonize lignified
tissues but only soft and relatively young tissues.

In

addition, MLOs might not be able to follow the growth of
the twig tip,

therefore no MLOs

(or at least less MLOs)

were found there.

4.5 Conclusions
DAPI staining was a useful method for MLO detection
which can be used practically for the screening of the
large number of samples.

It required neither a lot of

experience nor the special
fluorescence microscope.

equipment except the

The witches1-broom and the

tufting of foliage could also be used to diagnose ash
yellows of white ashes.

Premature spring budbreak and

premature autumn coloration,

however,

were not

recommended to be diagnostic symptoms of ash yellows.
Decrease in starch accumulation in the roots was a
supplementary evidence for ash yellows even though that
was not specific to the disease.
In white ash seedlings,

it took at least three

months for MLOs to build up their population to the level
that could be detected by DAPI staining and cause visible
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symptoms on the seedlings.

In white ash trees,

the MLO

population was at its highest during the growing season
and its lowest during the dormant season in the twigs:
roots,

the converse was found.

The population fluctuated

to a great extent in twigs over the time,
%.

in

from 12 to 100

However, MLO population was rather stable and remained

high in roots throughout the year.

The lowest was 82 %.

The MLOs within the phloem sieve tubes of white ash
were sensitive to OTC.

Higher dosage

(64 mg/cm DBH)

OTC decreased the MLO population for 2 months,
longer than lower dosages.

However,

of

two times

symptom remission or

growth improvement was not demonstrated during the
experiment.

OTC caused phytotoxicity on the white ashes

when higher dosages were used.

For better uptake,

OTC

should be injected between June and October.
Periwinkle was a useful

host plant to maintain the

ash yellows-MLO in the laboratory. MLOs colonized and
multiplied in the sieve tubes of periwinkle.

Those MLOs

were transmitted to other periwinkles or white ashes
through dodder bridge.

In the periwinkle, more MLOs were

detected from the soft tissues than the lignified
tissues.
This study revealed the possibility of ash yellows
control with oxytetracycline injection.

The next

logical

step to pursue would be to find an MLO-detection method
better than DAPI staining,

and to determine the best time
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for OTC-injection and the best dosage of OTC.

Injection

of a white ash with an increased dosage of OTC in the
early stages of the disease may be effective in control.
OTC-uptake rate of the white ash and the MLO population
in the tree are the most important factors in determining
the time of injection.
OTC,

To enhance the control

effect of

a new method which enables an early or late season

(when MLO population is relatively low)
be developed.

injection,

should

The relatively short duration period of OTC

in white ash and the phytotoxicity following high
concentration of OTC-injection should be solved for a
successful

control

of ash yellows.
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